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RTCC REQUIREMENTS FOR MISSION G: MSFN TRACKING DATA
PROCESSOR FOR POWERED FLIGHT LUNAR ASCENT/DESCENT NAVIGATION

By W. M. Lear, TRW Systems Group, and
Howard G. deVezin, Jr., Alan D. Wylie, and Emil R. Schiesser
Mathematical Physics Branch

1.0 INTRODUCTION

This report presents the basic RTCC requirements for a MSFN tracking
data processor which is designed to process high-speed S-band tracking
data to determine the position and velocity of the LM during powered
descent and ascent from the lunar surface. These MSFN state vectors are
used to determine whether the primary guidance and navigation control
system (PGNCS) or the abort guidance system (AGS) is the more correct
LM navigation system if the two significantly disagree.

The program will be used to process high-speed free-flight data
as a special case of powered flight, but only for short arcs prior to
descent and following ascent. The program is designed to process three-
way and/or two-way Doppler tracking data simultaneously from one to
four tracking stations. The expected tracking data rate is 10 measure-
ments per second. The expected data processing rate is one measurement
every 0.2 or 0.4 second. A processing rate of less than one measurement
every 0.4 second (0.5, 0.6, etc.) might require revisions to the logic
incorporated in this document.



2.0 PREPROCESSORS

2.1 Preorbit Determination MSFN High-Speed Data Processor

As the high-speed tracking data comes in, the pre-0D MSFN processor
stores data into a table which is accessable to the powered-flight navigation
(PFN) program. Data from one to four trackers is stored. The preprocessor
performs gross-data editing (format checks), which can be the same as that
described for the residual display processor in reference 1, if the "fine
edit" is deleted. This edit routine is replaced by a new edit scheme whose
logic is internal to the filter. The new edit routine is necessarily
more restrictive in the labeling of data as valid when it is stored
in the data tables. The tables should hold about 20 seconds of data
for each tracker.

2.2 Telemetry Preprocessor

The PFN program will have a restart capability which depends on the
use of LM-based position and velocity vectors received by telemetry. The
preprocessor for storing telemetry vectors is described in reference 1.




3.0 BASIC METHOD AND EQUATIONS

The basic procedure is to vrocess one to four Doppler observations
(nominally four) at a given time to obtain a correction to the estimated
position and velocity. Kalman filter equations are used to compute the
correction. After the update, the state and its weight are propagated
to the next set of observations to obtain another update.

The following is a general descrivtion of the basic Kalman filter
equations used in the processor.

Let the subscript i denote time ti, and let the subscript i/j
denote an estimate at time ti based on measurements made up to and
including time tj. Define X to be the state vector. The dynamic

egquations of motion are assumed to be in the form

x = f(x

+
X4 K b b)) Yy

where r. is the state noise vector satisfying

E[;i] = 0
Elx r_jT] =0 i
E[;_i EiT] = R where R is the state noise covariance matrix.

Measurements or observations are assumed to be of the form

* —
zi - E(x 2 ti) + Ei



where v, is the measurement noise vector satisfying

Elw,] = o

E{w !dT]

By y,)

Define the state error covariance matrix by

0 143

W where w is the measurement noise covariance matrix.

J

IR NCET WA

Define the measurement matrix by

M = | -:.—i-; evaluated at }-cd./i-l and ti
Define the updating or transition matrix by
- -
u = -a-gi evaluated at X1 /117 by, by
Then the Kalman filter equations can be written as
40 = 20 o ta) (1a)
U o’ + R (1v)

J1/1-1 J1-1/1-1

Y1 = EXy0 %) (1c)




ar

_ T T -1
B = JyiaM (M Jipa Mt W) (1d)
X,/ = + By, )
/107 Haa TR T4/ (2e)
Jip = (1 -BM) Ii/1-1 (1£)
Initial values of §i-l/i—l and Ji—l/i—l must be specified to start the

filter.

If programed directly, equations (1) would be inefficient in the use
of machine time and core storage. The modified form of these equations
[equations (2)] was used instead to generate the detailed programing
instructions (section 1k).

U = of/x (2a)
x = Hx 5, %) (2b)
A= Jut (2¢)
J = UA+R (2d)
r = gxty) (2e)
I= -k (2r)
M o= ag/ax (2g)
D = JM (2n)
H = MD+W (1)
E = H (23)
B = DH (2k)
x = x+By (21)
T

J = J=-BD (2m)



4.0 THE STATE VECTOR DYNAMICS

The state vector x, designated X(I) in the program, contains 21

elements.

X
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”

BV/E’ position of vehicle with
respect to the earth

5V/E

Pitch and yaw angles used to
specify thrust direction

Mass

Random variables adding to the

nominal values of ¢P’ wY’ M,

and specific impulse

Random variables adding to the
nominal values of the biasing
frequency, W at the receiving

stations; i.e., rate bias errors

Constants of integration based on
measurements in the form of inte-
grated Doppler frequencies

C




€

Let

M/E
BM g = Position of the moon with
/ yM/E respect to the earth

“M/E

X
C = Unit vector in the direction
- Cy of the thrust vector
c
z

Let IN and MN be the nominal values of specific impulse and mass flow

rate. (MN is a negative number.) Let g = 19.92641969203518 e.r./hr?

(system parameter). Then the acceleration vector of a thrusting body
in the earth-moon gravitational field is given by

P ty(x - xp) BT MMwME sy + ep)(iy + o)
By /5 - -RM/E|3 l5\//E|3 |BM/E|3 * "

e a7 A R T B B )y + o)
Bfe - Rypl® Byel®  IRypl® 7 .

. uM(z - ZM/E) ) My 2 ) My ZM/E e g(IN + eI)(fdN + eﬁ)
Byse - Byel®  1Byel®  Bysel® " ¥

Higher-order gravitational harmonics are neglected since thrust model
uncertainties are many times larger than the effect of these harmonics.



The unit vector C is obtained from the pitch and yaw angles in the
following manner. The angles wP and wY will be referenced to an arbi-

trary, nonrotating, thrust coordinate system as shown in figure 1. The
u, v, w coordinates are referenced to x, y, z coordinates by means of
the constant-coefficient, coordinate~transformation matrix shown below.

b'4 Cl Ch C7 u
y = C2 C5 C8 v

Cx Cl Ch C7 cos *Y sin vP
C = Cy = C, C5 Cg cos *Y cos ¥p
Cz 03 C6 09 sin *Y

{
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Figure 1.- Thrust coordinate system.
The coordinate transformation matrix will be chosen so as to make the
angle wY small during descent and ascent. If wY gets large
+90° .
(close to +90°), then Up (or € P

This is undesirable because it is preferred to define the statistics
of the random variable, €.p° 2% stationary in time; that is, independent

of the geometry. Namely, since the maximum LM turning rate 1is limited
by hardware to 15 deg/sec, the value of O wP should be specified also

) will also become large and ill-defined.

to be approximately 15 deg/sec.
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Choose the coordinate transformation matrix such that the initial
thrust direction is easily expressed. This simplifies the choice of
initial values for wP and wY to start the filter. For the LM descent,

the initial thrust direction is approximately in the direction of the

negative velocity vector of the LM with respect to the moon. Also, the
descent trajectory stays very close to the initial orbit plane of the LM.
Thus, a logical choice for the u, v, w directions would be to choose the

u direction to lie along the radius vector from the center of the moon to
the LM near the start of descent. The v direction , or axis, would

then be placed in the initial LM orbit plane and would point in the
negative down-range direction; w would complete the right-hand triad.
The initial values of wY and wP both would be about zero, and wY would

remain small during most of the descent.

For the LM ascent, the u axis will again be defined toc be along the
initial position vector with respect to the moon. However, this time,
the v axis will be parallel to the CSM orbit plane (as opposed to the
LM orbit plane for descent); w will complete the right-hand coordinate
system., The initial value of wP would be 90°, and the initial value

of ¢Y = 0°.

The mathematical equations for the unit vectors along the u, v,
w directions are

r (r r.) xi
i = i = i =1 x1i
1 |£1I v |(£g X 23) X iul W =u v

Let the subscript V/M refer to vehicle (LM) with respect to the moon.
Then

for descent

[ig]

1 = Ry

L = Km
3= "EV/M




® :

for ascent

I = R
. I, = Bogum (position of CSM)
I3 = B-CSM/M (velocity of CSM)
Note thav
by = QLG L oL,
iv = Ch ix + C5 iy + C6 iz
i =c71 +C81 +C91.‘z
where C. is the x component of i‘u = 5'_1/ ]_{l\, C2 is the y component
. of 2'11 = _I;l/l_I_'_ll, etc. Also note that
Lo m Ol TG Lt Ok,
iy = C2 iu + C5 iv + 08 lw
iz = C3 lu + C6 iv + 09 éw

To continue with the dynamics of the rest of the state variables,

the dynamics of *P’ “'Y’ and M are given by

¥p = Upy tEp
. * = e + € > Assumed constant across
Y b AT ¢ the integration interval
M = MN + N
/

The subscript N stands for nominal value.



12

The dynamics of the random variables denoted by € in the state
vector (the 10th through the 17th element) are given by

1
€y = ¢ exp(=]aT|/T) + 0 [1 -(exp -|AT|/T6)2]2 1,

where N

EUk] = 0 .
el 7,1
E(n, 7]

and where Te is the time constant associated with this random process.
It can easily be shown that

1
o

143

[t}
~

E[ej] = 0

2
E[eJ €l = 9 exp(-|k aT|/T )
That is, € is an exponentially-correlated-in-time random variable .
T is an uncorrelated-in-time forcing function for the difference
equation for € j41° Since the best estimate of the unknown function
N is zero, € is updated in the filter by

Ga = & exp(-lA'I‘l/Te)

The time constant, ‘I‘e ; glves a measure of how rapidly € may be
changing. Te equal to infinity implies that € is a constant; T
equal to zero implies that € is uncorrelated in time. Thus

€

€1+1 = eixl = ei for Te—b 00

ei+1 = eixzero = 0 for T€—> 0
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m
n

10 AT

#

i1+l ei X ‘905 for TE

m
|

= . L
141 €; X +0000k45 for T, AT/10

The last four elements of the state vector are assumed to be true

constants¢ that is, iL =0 for L =1, 2, 3, L,



1k

5.0 INTEGRATING THE STATE VECTOR

Integration of x from ti to ti+l is accomplished by

X = X

L[] .0 2 08 3
4 +x, AT +x, oT /2+xiAT /6

- [ oo 2 L X ] 3
Yieg = ¥y P ¥ AT +y, AT°/2 47y, AT°/6

_ . Y] 2 see 3
2y = zi+ziAT+ziAT/2+ziAT/6
X . = %, +X AT +'% AT?/2

141 17 1

Voo = .+ AT+, aT?/2

Yin T N1 T Yy

z = 2, +3%, AT +'z, AT?/2

1+1 173 1

¥p, 141 = V¥p, 1 ? (wpy + €uP, ;) AT*

by, 1 = Yy, g * oy ey ) AT*

Mgy = M+ (g + ey ) amw

P, 1 = Sgp, 1Lox(-[oT1/T p)] | .

oY, 141 T Sy, 1[3"1’('|AT‘/TwY)] -

™, 141 T M, 1[exp(-|AT|/Td°4)]
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e, tn - e, slee(-laTl/T )]

i

€31, 141 T Su31, 1[exp('|ATl/Tw3)]

€32, 141 ° 32, i[eXP(-‘ATVTuB)]

€033, i+l €33, i[exp(-|AT|/Tw3)]
Su3b, 141 = Cu3n, 1Le(-1aTl/T 5)]
I, 40 ° I, 1
I, = %21
I = 13,1
Ih, i+ Ih, i

where AT¥ is zero ‘or free flight and AT*¥ = AT for powered flight;

wpy 1is the nominal value of wP, Wy is the nominal value of wY’ and MN

is the nominal value of M.

e
The expressions for the second derivatives, x, y, %, were given in
the previous section. The third, time derivatives, are obtained from

* X x + o y + % z + S;;§u¥N + ewP) + S;;(mYN + emY)

FaM ) e ety s S s
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T = 3 g; y + %;—(QTN + ¢ ) + 5;—(U&N + €

%, ¢ % % . % .
taMy ey * Bz WE * aﬁ e * B2 W/E

The nonzero partial derivatives of X, ¥, Z with respect to the
elements of the state vector are shown below.

& ty . X = %) g X
= - 3" 37%3 *3
|5v/E - BM/E| |Bv/E| ll-‘-v/}“: - B-M/E' lEv/El

3 ny(x = xM/E)(y - yM/E) Xy
A 5 3

By /e - Ry/el lRV/El
& _ e nye)® - ay) by X 2
oz 5 *+3 5

IBy/g - Busel 1By/z]
v eI, + e )M, + e)
%x_ = N EIM MN M [-Cl cos *Y cos *P + Ch cos *Y sin 'P]

by
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eIy + e )My + &)

g;:y = N [Cl sin ¥y sin ¥p + C) sin ¥y cos ¥p -C7 cos *Y]
& _ &Iy + )My + ) 1
™M T M M
2
_ Hy oL " S /) Y

HE TRy - Byel Bysl By - Byel IRyl

€*R__ “M(" - %)y - yM/E .3 M /e Tu/E

ayM/ E lRV/E B-M/E| |13M/E|5

& ulx = %u/p)(2 - 2yp) L e ZM/E

M/E |5V/E B BM/E|5 ‘BM/EI
& St s Wty

Beﬁ x M - T Tx T M
o | =

x = 3y

- ) 2 2
% _ My Mg +3I-1M(Y yM/E) R

- - 3
IRy /g - f-‘M/El?) |l3V/El3 |5v/1~:“13M/E|5 |liv/EIs

¥ .o, “'M(y-yM]E(z-zM/E 3“Ey"
|§v/E BM/E| |Bv/E|5




’ ®

- I, + e )(M, + e3) -
g; ) & N GI:MN M ['Cz con 'Y cOos 'P + c5 cos *Y sin 'P]

¥ g(IN + eIl)‘(ﬁN + )

r
a'y “CZ sin v! sin 'P +C

5 sin ¥y cos ¥p ~Cg cos *Y]

g - 8(IN + eI)(&N + eﬁ)

C

<
=
=

2l
=

2 by . T 'S A Yu/s) L Yo/
M/E |8y /g - B-M/E|3 ‘BM/E| |131v/E BM/El |I-"M/E|5

”u(y - Sye)(z - 2'M/E) .3 M YM/E W/

o
/e By /e - Bz ° By /| g
aeﬂ - -Cy M beI - -Cy M
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- (I + e )M+ eg)
%z _ . IM "y M [-C3 cos ¥y cos ¥p + Cg cos ¥y sin #P]
B*P

3% BTy + e )(My + &)

a'y = W [C3 sin ¥y sin ¥p * Cg sin ¥y cos ¥p -09 cos *Y]
37 eIy + )My +ef) 4

W = S M M

-S> S % _ 9y &z x ¥
/g Oz /g YM/E Oy /g 2y /E “M/E  YM/E

3% eIy + ¢f) 3% ety + <)
Sy T T W e - T E

In addition to integrating the state vector, the moon's position

and velocity will also be integrated by

. + 2
Rv/e, 141 = Bw/e, 1+ Y Bym, 1 4T - l; HM‘3 Rv/E, 1 A%
/E, 1
: : Mg T My
Bys, 1o = By, 1 By, 1 4T
/E, 1+1 /E, 1 lBM/E, i|3 /E, i
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6.0 PROPAGATING THE STATE COVARIANCE MATRIX (J)

The transition matrix is defined by

u - X i+
X i

The equations for X, as a function of X, were given in the
=i+l =i

previous section. Thus U may be obtained by taking the partial deriva-
tives of these functions. Neglecting terms higher than first order in
AT, the U matrix may be conveniently partitioned into

I o |

Uli3 ¢ 13

0 Uhs % 8
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In more detail, Ul looks like

1 0 O AT O O 0 0 0 0 0 0 0
0] 1 0 O AT O 0 0 0 0 0 0] 0
0 0 l1 0 0 AT 0o 0 0 0 0 0 0

Ty M M3 b 0 0 mg o mg o mg 00 m o, om o,
Ty ez Moz O 1 0 Wy Mg myy O 0 my L, my g

0 1
my) My W3 O Myg Mg M39 O 0 mya, mgg
Ul = 0 0 0 0 0 0 1 0 0 AT* 0 0 0
e} 0 0 0 0 0 0 1 0 0 AT* (6] 0
0 0 0 0 0 0] 0 0 1 0 0 AT 0
0 0] 0 0 0 0 0 0 0 PlO 0 0 0
0 0 0 0 0 0 0 0 0 o} Pll 0 0
0 0 0 0 0 0 0] 0 0 0 0 P12 0
_0 0] 0 0 0 0 (0] 0 0 0] 0 0 Pl3
where
-

= T . - 2 2
"1, 4 ox, ¥, z, ¥ps Wy: M, %%A * 1,23 18,9, 12, 13

o AT

mZ; i~ X, ¥, 2, *P’ *Y’ M, G‘M’ GI P LB L09 3

_ dz
3, 1 7 X, ¥, 2, *P" *Y’ M, €M) GI

AT 1 9= 1,2,3 7 8,9, 12, 13
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Pio = exo(-lar|/r )
10 (”P P = -
1 = exe(-|ar|/r )
P., = exp(-|aT|/T ¢) '
12 =
/e Pi3 = exp(-]ar|/r ;)
The UL matrix looks like
— —
Plu 0] 0 0 0] 0 0 0]
0 Plh 0 0 0 0 0 0
0 0 Plh 0 0 o) 0] 0]
0 0 0 P 0] 0 0 0
Uh = lh‘
0] 0] 0 0 1 0 0] (0]
(0] 0] 0 0 (0] 1 0 0
0 0 0 0 0 0 1 0
0 (] (0] 0 0 0 0 1
b -t
where

P, = exp(-laT|/r )

The matrix multiplication J = UJ UT is the most time consuming
operation in the filter. Straightforward matrix multiplication in the
above equation would require about 18 500 scalar multiplications and
18 500 scalar additions. Hence, the cycle time of the filter is greatly

dependent on how efficiently UJ UT is evaluated.

As a first step toward efficient computations, the simplest of all
possible U matrices was evaluated from first-order Taylor series expan-~
sions. This causes U to contain large blocks of zeros which will now
be used to our advantage.
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As presented on the previous page, U can be conveniently partitioned
into four parts. Likewise, the 21 by 21 J matrix can conceptually (but
not actually) be partitioned as

Jll3 x 13 J213 x 8

738 13 g v 8

Note that J = IT, so J2 = J3T.

Thus, wherever J2 avpears, J3T will be
used in place of it.

uJ UT is given by

n o |{a st |ut o ur g1 vt (us g3 unh)T

o uk|laz a|]o wt Uk 33 U1T uh g usT

The 13 by 13 temporary storage matrix, A, is used to assist in the

above matrix multiplications. Thus, J1 = Ul J1 UlT is given by

A = J1ult

Jl = U1 A

By the use of the special nature of the Ul matrix, A is given by

DFc I = 1, 13
D¢ a J = 1, 3
AT, ) = JI, J) + J(I, T+ 3)%AT



2 o
a  A(I, J+3) = J(1,1)sM(J,1) + J(I,2)=4(J,2) + J(I,3)%M(J,3)

+ J(1,7)aM(J,7) + J(1,8)m(J,8) + J(I,9)%M(J,9)

+ J(I,12)aM(J,12) + J(I,13)mM(J,13) + J(I,J+3) ‘
W b J = 7, 9
b A(I, J) = J(I, J) + J(I, J+3)#aT* i
D¢ J =10, 13
c AL, 7) = J(1, J)e(J)

Again by the use of the special form of Ul, the symmetric matrix
J1 is given by

Dgpr I=1, 3 ‘

Dga J=1I,13
a J(I, J) = A(I, J) + A(T + 3, J)»AT
L = I+3
¢o J=0L, 13
b JL, J) = M(I,1)»A(1,J) + M(I,2)#A(2,J) + M(I,3)*A(3,J)b
+ M(I,7)*A(7,3) + M(1,8)*A(8,J) + M(I,9)*A(9,J) -
+ M(I,12)#A(12,T) + M(I,13)#A(13,J) + A(L,J) .
e I=179

Dgc J=1I,13
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c J1, J)

pga I

A(T, J) + A(T +3, J)=AT*

10, 13

pga J=1I,13

a4 J1, J) = P(I)=A(I, J)
Dge I=2 13
L = I-1

e J=1,1L

e JI, J) J(J, 1)

i}

Tf A is used to store Uk J3, then

Dda J=1, 13
Dga I =1,14
A(I, J) = P(14)#J(I + 13, J)

a AMI+h4 J3) = JI+217,J)
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T . .
J3 = UL J3 U1l is now given by

e I=1,38

DOa J=1, 3
J(I +13, J) = A(I, J) + A(I, J+3)%AT
J(I+13, J+3) = A(I,1)mM(J,1) + A(I,2)mM(J,2) + A(I,3)sM(J,3) .
+ A(L,7)eM(J,7) + A(1,8)w4(J,8) + A(I,9)%M(J,9)
+ A(I,12)eM(J,12) + A(I,13)%M(J,13) + A(I, J+3)
v J=17,9

J(I+13, J) = A(I, J) + A(I, J+3)#=AT*

Dfc J=10, 13

J(I+13, J) = A(I, J)»P(J)
Uk 34 W 15 given by

E(1) = P(14)#»2

Dda I

Fga J=1I,17

n

14, 17

JI, J) = E(1)wJ(I, J)

NI, I) = JI, J)

Dgb I=18, 21

Db J=1k4, 17

JI, J) = P(14)*J(I, J)
JJ, 1) = I, J)
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The use of the previous algorithms to compute UJ UT requires about
1100 floating point multiplications and about 900 floating point addi-
tions. These algorithms are also presented as part of the detailed
programing instructions.
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7.0 THE STATE NOISE (PREDICTOR MODEL UNCERTAINTIES)

To update the state vector from time ti to ti+l’ symbolically use

the equation

= f(x., t., t, )

X,
—i+1 = i i+l

However, since the true form of f is not known, use instead

X = 2(xps by by ,,)

~

where the stands for estimated value or function. Thus

~

X, =X, +r,
=i+l =1 =

where r, = f - f represents the model uncertainties or state noise.

leta ,a_ , a be the unmodelled gravitational acceleration com-
gX &y gz

ponents. Then the first six elements of the r vector are

2]

|
il
1]

= a AT?/2 r a  AT2/2 r a  ATZ2/2
gx gy

3 gz

r), = agx AT r5 = agy AT r6 = agz AT

Since AT is on the order of 0.2 to 0.4 second, position error components,

rys r2, r3 will be ignored. Note that velocity errors couple into posi-

tion errors anyway during the next cycle in the filter, and, for a large
number of integration steps, the final results are the same.

The state noise added to the exponentially correlated random
variables is

2. /2
ryy = Opll - (exp -laTl/r 2)°1 g
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1

2. /2
rll = cw![l - (pr -IATl/TwY) ] TlDY

1
2
ra = oyl - (exp -|AT|/T€;,)2] Meke

1
2
)3 = Ol - (exp - lar|/z )% Tex

2. /2
T = Oyt - (exp -farl/m %1 .,

2 Y/
15 = T3l - (e -fer]/T )%) 3,2

1/

™16

2
3,3

o3t - (exp -[ar|/z )%

2, /2
Tig = O5ll - (exp -|AT|/Tw3) 1 M

where the n's are zero-mean, unit-variance, uncorrelated (in time and
with each other) random noise. All other components of r are zero.

The state noise covariance matrix is, by definition,
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The nonzero elements of R are listed below,

R(k,4) = R(5,5) = R(6,6) = of ar

R(10,10) = oZp[1 ~(exp -|aT|/1 ;)]
R(11,11) = ofylL (exp -|ar|/z )%
R(12,12) = o1 ~(exp -lan|/r 4)?)
R(13,13) = ofl1 «(exp -lar|/r )]
R(14,14) = R(15,15) = R(16,16) = R(17,17) = ai3[1 -(exp -lA'I‘l/Tm3)2]

Since AT will be approximately constant, the above quantities may be input
constants to the program.
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8.0 THE MEASUREMENTS AND THEIR PARTIAL DERIVATIVES

The actual count from station L is modelled by

* m“» vtr [I
Mot o [R(Ty) - Ry(mp) |+ IR(my) - R (7)) |3
+ (w3 +b + €w3L)(TO - TOIL) =Lt

where wy, vtr/c and m3 are input constants; b, is a previously solved

L
for "rate bias" correction; L is the uncorrelated random error adding

to the measurements and is primarily due to quantization error from the
cycle counter. Its standard deviation is about one-third cycle.

TO, the observation time, is the time at which the cycle counter is

read. T. is the same for all stations.

0 is the station L observa-

TOIL

tion time at which the first good cycle count is available to the filter.

TVL is the time at which the signal had to leave the vehicle in order to
arrive at station L at time TO. TTL is the time at which the signal had
to leave the transmitter in order to arrive at the vehicle at time TVL'
BV is the position vector of the vehicle with respect to the earth.

BT is the position vector of the transmitter. is the position vec-

st
tor of the receiving station L. IL is the station L constant of
integration.

w, ¥ |
I = = URylny) - Byt | + [Ry(Tyr) - B (Tor)l ] -RE (1,0 )

IL and TOIL are reset every time the measurement flag goes from bad to

good.
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The partial derivatives of N§L with respect to the elements of the

state vector at time TF are

a";L o, Ver [ By(Typ) BT ) Ry(Tyr )R (Ty)
Syt T T R B TT  TEIT, ) (T

x,Y¥,2 component

» »* -
Wy, (T -1 Ny,
g: A ) thp) VL F &: Y, 2 (TFS
» »
W gy
e = Yo~ Tom T - 1
w3L L

The above partial derivatives are stored in the M matrix as follows:

* * *
ML, 1) = 2‘% ML, 2) = %“— M(L, 3) = E;l;—l'
* * %
ML, 4) = v 1 ML, 5) = T ML, 6) = mn
ax dy 3z
Wy s
M(L, LH13) = £=—— M(L, L+17) = ]
w3l .ﬁ;"_ :

where L = 1, 2, 3, 4. The form of the M matrix (zero and nonzero elements)
is shown on the next page.

a"I‘F, is the filter time tag of the state vector. TF will be within

0.02 d of .
second of all the TVL
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Change no.

Date

Description

1

9/8/69

The criteria for editing

the high speed MSFN Doppler
data are revised to require
the program to test according
to the magnitude of the MSFN
residuals rather than accord-
ing to the size of the MSFN
rate biases.
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Oy = 3 Oy (ouu%cycle)

m .82 cycles

Because the random error is primarily caused by a zero to 1 quantization
error in the cycle counter, the maximum value of A? NO caused by quan-

tization error would be
|A2 Nyl < 2 cycles

Thus, the value for AQMAX may be cho;en as

AZMAX ~ 2+ llJ-O ATOZ CyCles

In summary the current data is accepted if

. Spvan < Mo - M<Bipax

and
(N - §) = (0 - W) | < ayyy
where
A P (106 ~ 28,000) AT. cycles
IMIN ’ 0
AJ.HAX % (106 + 28,000) AT, cycles
2
‘ Bowax ™ 2 * 140 AT ™ cycles
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There is one further data editing check performed in another part of
the program. Immediately before the state vector is corrected, the solu-
tion for the residual is checked to see if it is too large, based on the
current measurements. If it is too large, then the residual for that
station is set to zero, the corresponding row of the measurement matrix
is zeroed, F(L+8) is set to zero, and the measurement weighting matrix,

B, is reestimated. The reason for this additional editing check is that
with the normal editing a large rate bias error cannot be easily detected.
Also, depending on the size of ATO, a few wild data points can pass the

normal editing.
The data status checks do the following

1. If data for station L is missing or bad for time T,, the number

0’
in the station L cycle count cell-is labeled bad by setting F(L+k) = O.

2. Likewise, F(I+8) is set to zero (elsewhere in the program) if
station L has too large a residual.

3. F(L) is set to 1 if station L data goes from bad to good. When

F(L) =1, TOIL and the station L integration constant, IL’ will be re-

initialized. Also the corresponding row and column of the state error
covariance matrix will be reinitialized.

4. F(L) is set to -1 if the station L location changes or if the
transmitter location changes. When F(L) = -1, the IL, TOIL’ and
€L~ X(1+13) are reinitialized, and the corresponding row and column
of the state error covariance matrix will be reinitialized.

5. The F(L+12) flag is set to zero or 1 according to whether the
station is a 3-way or 2-way station.

A block diagram of this logic is shown in figure 3. In this
diagram

YY(L) is storage for the current ¢ycle count from station L
IYP(L) is the past value of YY(L)

aYY(L) = YH(L) - YY(L)

A!YP(L) = past value of AYY(L)

_Change 1, September 8, 1969
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10.0 INITIALIZATION OF MEASUREMENT CONSTANTS

When F(L) =1, T and the station L integration constant, I

OIL L’
will be reinitialized. Also, the corresponding row and column of the
state error covariance matrix will be reinitialized. In section 8§
the initialization equation for IL was given by

\YJ
I, = %‘?E IRy Ty )Ry T |+ (BT B (T )1 Ko (Toze)
When F(L) = -1, Torp> w3l = X(L + 13) will be reinitialized; -

X(L + 13) is initialized by setting it equal to zero. Likewise, the
corresponding rows and columns of the state error covariance will be
reinitialized. Whenever initialization takes place, the measurement
is used in the initialization equations and should not be used again
in the Kalman filter. To prevent this reuse, the appropriate row

of the M matrix is zeroed out.

I, and €
in]

The block diagram for the initialization procedure is shown in
figure 4. 1In this block diagram

P(46) = 02,3 for a 3-way station

L47) = 05’3 for a 2-way station

P(LHT) = 023 for station L, L =1, 2, 3, L
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11.0 STATE AND COVARIANCE MATRIX UPDATE EQUATIONS

As in section 6, special procedures to save time are used to perform

T -
the following matrix operations: D=JM ,H=MD+ W, H=H 1, B = DH,

J=J - BDT, and X = X + B(Y* - Y). The special procedures are given below '
and as part of the detailed program instructions. -

In section 8, the M matrix was shown in the form

oo

By e M3y My Hys mg 0O 0 0 0 0
Moy Mz Tp3 My, Mys Mg O 0 O O O

M=
m31 m32 m33 ma, Bag Mg 6 0 0o o0 o
o, Wy, mh3 m,), m)*s S 0O o0 0 o0 o
o o ml’ 1k 0 o 0 ml, 18 0 0 0 ]
0O ©° 0 m2,15 0 0 0 mz’ 19 0 0
0 o 0 0 m3’ 16 0 0 0 m3, 20 0
o 0 0 0 0 mh’ 17 0 0 0 mh, 21

By the use of the special form of the M matrix, D = J MT is given by

Dda I=1,21
DFa J=1,4
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a DIJ) = J(1I,1)s(J,1) +J(1,2)=M(J,2) + J(I,3)=(J,3)
+ J(I,4)m(J,4) + 3(1,5)a(J,5) + J(I,6)*M(J,6)

+ J(J+13, I)mM(J, J+13) + J(J+L7, 1)* M(J, JHLT)

Note that J(I,J) I = 1,13 J = 14,21 is not used in the above algorithm.

H=M +W is given by

DFo I=1,4
ga J=1,I
a  B(I,J) = M(I,1)#D(1,J) +M(I,2)*D(2,J) + M(I,3)#D(3,J)

+ M(I,4)*D(4,T) + M(I,5)*D(5,J) + M(I,6)*D(6,J)

+ M(I, I+13)#D(I+13, J) + M(I, I+ T7)*D(1I87, J)

b B(I,I) = H(I,I)+cw2

Note that only the lower triangular part of the symmetric matrix H is
calculated.

H=H?Y is given by

E(1,1) = 1.Do/H(1,1)
D¢ e J=1,3
L =JH

Dga I=1,J
B(I,L) = 0. DO
Dda K=1,J
a H(I,L) = H(I,L) - H(L,K)#H(I,K)

b K=1,7
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v B(L,L) = E(L,L) + B(L,K)#8(K,L)
B(L,L) = 1. DO/E(L,L)

Dgec I=1,J

¢ HL,I) = BR(I,L)»H(L,L)

Dga I=1,J

gda K=1I1,J

H(I,K) = H(I,K) + E(I,L)«H(L,K)
a HBK,I) = H(I,K)

Dge I=1,J
e H(I,L) = BH(L,I)

Rote that the above inversion algorithm is designed specifically to
invert a symmetric matrix using only the lower triangular part of
that matrix. The algorithm requires about half the number of multi-

Plications and additions that a normal matrix multiplication requires.
Also, no external storage is used.

B = DH is glven by

Dda I=1,21
DFa J=1,k

a B(I:J) = D(I,l)*ﬂ(l,J) + D(I,Z)*H(Z,J) + D(I:3)*H(3)J)

+ D(I,4)H(4,J)

J = J-BDT is given by

Wa 131’13
D¢a Jd= 1,13
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J(IyJ) = J(I:J) "B(I)l)*D(J)l) -B(I,Z)*D(J,Z) ‘3(113)*D(J;3)
-B(I,4)#D(J,4)

JJ,1) = J1,J)

Dgc I=1k4,21

Dgv J=1,13

J(1,5) = J(1,J) -B(I,1)#D(J,1) -B(I,2)#D(J,2) -B(I,3)*D(J,3)
-B(I,4)#D(J,4)
Dgc J=1I,21

J(I,J)

J(I)J) ‘B(Iyl)*D(J)l) “B(I:Z)*D(J)z) 'B(I:3)*D(J)3)

‘B(I)h)*D(J:l")

JJ,1) = JI,J)

Note that the above algorithm makes use of the symmetry of the J matrix,
and, again, J(I,J) I =1, 13 J = 14, 21 is not used or disturbed. This
part of the J matrix has not been used anywhere in the previous secticns.
Thus, this block of 104 double precision words of nondestroyable storage
is available for other uses within the program.

x = x+B(y* - y), vhere y* - ¥ is stored in Y(I), is given by

DFa I=1,21

X(I) = X(I) + B(I,1)»¥(1) + B(I,2)#Y(2) + B(I,3)»Y(3)

+ B(I,4)xy(l)
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12.0 LIGHT TIME SUBROUTINE (SUBROUTINE TRANST)

This subroutine solves the transit time equations; that is, given
a measurement observation time TO, TRANST solves for TV’ the time at
which the signal had to leave the vehicle in order to arrive at the

receiving station at time TO. TRANST also solves for TT’ the time at
which the signal had to leave the transmitter in order to arrive at the
vehicle at time TV'

The subroutine estimates BV(TVI) - BSI(TO)’ the range vector from
the receiver to the vehicle, and BV(TVI) - R (TTI), the range vector

from the transmitter to the vehicle. TRANST also solves for the magnitude
of these vectors.

The time for station I, TVI’ is obtained by iterating the equation

(o | od

[x(Tp) + (Typ - Tp) X(Tp) - x (1) P
+ [y(Tg) + (Typ = Tp) H{Tp) - v (T) T

' 21/,

A value of T, = T, (TF is the filter time tag of the state vector) is

used to start the iteration. Because of the manner in which TF is

updated (AT_ =T + AT - T), TVI - TF is always less than 0.02 second.

F vl 0 F

From the above equation, Té?) may be written symbolically for the nth

iterated solution as

(n) (n-1)
Ty = 1'['1:,,I ]
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The error, e, in the solution for TVI’ after n iterations, is given by

the equation
|e(n)| _ |e(0)|Mn

where M is the maximum absolute value of df/dTV in the vieinity of

TVI' The equation for df/dTV

I
7 1s

ar 1% R
4T, c |§v/s|

where V/S refers to vehicle with respect to the station, and V/E refers
to vehicle with respect to the earth. For a maximum vehicle velocity
of 10" fps, M can be evaluated as

L
Ms . 1970

10°

0 -
Because |e( | is less than 2+10 2 seconds

Ie(n)l < 2:107%(1075)"

for which a value of n = 1 will be used. Thus

1 -
|e( )l < 2.2077 seconds

After TVI is determined, the position of the vehicle can be

calculated in the following manner.

x(’I‘VI) = x(TF) + (’EVI - Tp) *(Tg)
WTyp) = ATp) + (Typ - Tp) HTp)
z(TVI) = z(TF) + (TVI - TF) z TF)
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Also, the vector components x(TVI) —xSI(TO), y(TVI) -ySI(TO), z(TVI)

-ZSI(TO) and the absolute magnitude of this vector will be calculated.

In the calculation of TVI’ since the state vector is in MNBY co-

ordinates, the four station location vectors must also be in MNBY co-
ordinates. In true-of-date coordinates, the station location is given
by

x'Si(TO) = P(I+34)xcos[P(I+29) + Wa rth '1‘0]
y'SI(To) = P(I+34)#sin[P(I+29) + e rth T, ]
z'SI(TO) = P(I+39)

where P(I+29), P(I+34), and P(I+39) are obtained from the station
characteristics table (section 9, fig. 2). These locations are then
transformed to MNBY coordinates by the RNP matrix. This requires
four coordinate transformations (one for each of the four stations).

[ x57(To) | x'op(T)
z51(To) 2'51(Tp)

The time TTI is obtained from

R Rt [CCMENERL I}

1

- /2
+ fa(Ty) - zT(TT)]z]
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where
T Ty - (To - Vl)
and where
xT(i‘T) i PP(39)*cos[P(3‘+) + g i‘T]—
ypl ) (RNP)™ | B(39)#s1nlB(34) + uy ]
K ﬁT)4 i (k) |
ote thsat
-iT('fT)— F-mE P(39) sin(P(34) + wy %]
Jp(By) | = (RN®)T| wg B(39) cos[P(34) + wy %]
(T.) 0
LT i |
Thus, XT(TTI)’ yT(TTI), and ZT(TTI) are given by
_"r( T ) _x'r( @T)_ —iT( i‘T)—
i 2z TTI)_J _ZT( ir)d _ZT( @T)_l
The vector components x(TVI) - XT(TTI)’ y(TVI) - yT(TTI)’ Z(TVI

) - zT(T

and the absolute magnitude of this vector can now be calculated.

TI

)
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This method for solving the transit time equations requires only
six multiplications by the RNP matrix and only five calls to the sine
and cosine subroutines. A more straightforward approach would have
resulted in 12 RNP multiplications and 12 calls to the sine and cosine
subroutines.

Despite the fact that only a single iteration is used to obtain

TVI and TTI’ the accuracy of the solutions is more than adequate. Based

on a maximum vehicle velocity of 10" fps with respect to the earth, the
maXimum error in TVI is 210 7 seconds. The maximum error in calculating

EV(TVI) - BSI(TO) is 0.002 ft. The maximum error in calculating TTI is

about 0.4-10"7 second.
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13.0 SUPERVISORY LOGIC

The overall block diagram of the program is shown in figure 5.
The program has four main areas of specialties. Blocks 1 and 2 are
first-time-only blocks, used to initialize various constants and
variables. Some of these quantities are reset in the restart block
in the event that restart conditions occur. locks 3 through 6 are
concerned with the dynamics. Blocks 7 through 14 process the measure-
ments. Blocks 15 and 16 integrate the current best estimates of position

and velocity ahead, or back, to a desired time, TD. The output position

and velocity in block 16 will ve in MNBY selenocentric coordinates with
units of earth radii and earth radii per hour. The time tag will be
in hcours from midnight of the launch day.

The subroutine TRAJ, mentioned in the overall block diagram,
integrates the first six elements of the state vector over the interval
AT seconds, updates time, and integrdtes the moon's position and velocity
over the interval AT seconds. Subroutine TRAJ has its maximum integration
step size limited to ATMAX' This is to prevent an excessive truncation

error in the state estimate if an unusually large AT is called for. A
block diagram that illustrates how AT is limited is shown in figure 6.

New variables used in the block diagram are defined below.
T, = filter time tag of the state vector

T__ =  real (current) ground time, hours from midnight
RL
of launch day

T = time at which a signal would have to leave the
spacecraft in order to arrive at the first ground
tracking station at time TO, the observation time

-+ = T + 2/36 000 hour.
(TF Pll9)R TF P119 rounded to the nearest 2/3 oux
(nearest 2/10 second) or nearest 4/36 000 hour,
depending upon whether data is processed
every 0.2 second or every 0.4 second
P = ix -
119 approximate value of TO TVl
(Pll9 is an input constant)
TO = observation time
TL = constant lag time between observations and T

RL
ATO = fime interval between observations



s5h

integration step size for the filter
integration step size used in TRAJ
maximum allowable value of AT
desired time of output state vector

last cycle's value of TD
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Start

Load time, position,
and velocity into
their input cells.

—— — n— ——— m— — —

N=1l. + IATl/ATMAX

|
|
!
|
l
|
AT = AT/N |
I
I
|
|
|
|
|

(N 1s IATVATMAX rounded ‘T

to the next higher integer.)

Integrate time, ™
position, and velocity N
AT seconds. L

L =L+

Figure 6.- Logic for controlling integration step size
in subroutine TRAJ.
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14.0 DETAILED PROGRAMING INSTRUCTIONS

The previous sections of this report have outlined the engineering
equations and logic and were intended only to supply general background
information. The following sections present the actual detailed
programing requirements.

Ordinarily, a 2l-state variable filter for use in real-time is indeed
a formidable proposition since, for example, it would be nearly 13 times
slower in execution time than a 9-state variable filter.

To make the 2l-state variable filter practical for use in real
time, the formulation of the engineering equations has been done by
considering the number of numerical operations performed by the
digital computer.

The detailed programing instructions will be presented in notation
similar to FORTRAN. Namely, D¢ loops will be used, not because of
any expertise in programing, but because they offer the engineer an
elegantly simple way to write large groups of equations. Also, the
notation used will be understandable by the engineer; while, at the
same time, it will be directly translatable into FORTRAN or machine
language by the programer. Presentation of the programing instructions
in this clearly understandable form makes it possible for the computer
program to be implemented quickly with the least possible chance of
error.

Variables used within the program may be categorized broadly into
three types

1. Fixed point variables, used primarily as logic flags

2. Double-precision, floating-point, permanent-storage variables,
used wherever gquantities must be saved from one cycle to the next

3. Double-precision, floating-point, temporary-storage variables,
used for quantities that need not be saved from one cycle to the next

The next three subsections will discuss these three types of variables
in more detail. The definitions of these variables serve as a bridge
between the engineering notation and the computer program notation.

1Lk.1 The Fixed-Point Variables

There will be 48 fixed-point variables
F(L) L=1, 2, ..., 48
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The first 35 of these variables will be defined here. The last 13 will
be for future program use if the need should arise.

F(L) L=1, L4

F(L) = 0, do not reset I

L° Torn® 24 €,3p,

F(L)

1, reset I énd TorL (caused by bad data)

F(L) = -1, reset IL, Torr» and € 3L (caused by station location change)

F(L+h4) L=1, 154
F(L+4)
F(L+4) = 1, current data good for station L
F(L¥8) L =1, 4

0, current data bad or missing for station L

1l

F(L+8) = last value of F(L+4)
(Note: it may be desirable to display F(L+8).)

F(L+12) L=1, 4

F(L+12) = O for 3-way data from station L

F(L+12) = 1 for 2-way data from station L

F(L+16) L =1, 4 and F(21)

F(L+16) is the station L identification number; F(21) is the
trensmitter identification number

F(L+21) L=1, 5

F(L+21) = the last value of F(L+16)

nglz
F(31) = O for no good tracking data
F(31) = 1 if there is good tracking data
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FS}Z!
F(32)
F(32)

0 for descent

]

1 for ascent from surface of the moon

F(33)

F(33) is the previous value of F(31)

(3

F(34) = 0 for free-flight before powered descent
F(34) = 1 otherwise

F(35)

F(35) = 0 under normal program operating conditions
F(35) = 1 under program restart conditions

14,2 Permanent Storage Variables

The following variables are double-precision, floating-point
variables whose values must be preserved from one cycle to the next.

X(1) I=1, 21

X(I) is the state vector, the elements of which were described in

gection U

YY(1) I=1,4

The actual measurement vector, N;i, described in section 8

IX(1, J) I1=1,21 J=1, 2

J(I, J) is the symmetric, state error-covariance matrix defined in
section 3; J(I, J) I =1, 13 J = 14, 21 is not used by



B(I)
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the program. To avoid conflict with the integer
J, the J(I, J) matrix will be designated as JX(I, J) in
the program.

I=lll&

P(I) consiste of input constants and program generated constants.

P(10)
1)
P(12)
P(13)

P(1h)
P(15)

P(16)

P(17)

P(18)

P(19)

E
P

B(

The first 126 P's are defined below. The remaining 5L P's
are reserved for future use by the program. If storage is
a problem, the first 104 P's may be equivalenced to

JX(I, J) I=1,13 J=14 21.

1) P(2) P(3S- = the RKP matrix. (RNP)T is used to
convert station location to MNBY

4) P(5) ?(6) coordinates.

7 K8 H9)

exp(-|aTy | /7 0]
exp(-|at |/ ]
exp(- |41, | /T 4]
exp(- oty | /T ]
expl- a7, | /'rw3]

T

l"’ time tag of state vector in the filter

A'I‘F, filter integration step size
ATMAX’ the maximum AT used by TRAJ

T

0’ current observation time

A’I‘o, time interval between usable observations
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P(20) = T,, constant time lag between real time and T
P2l) = T, desired time of output state vector
P(22) = Ty the last value of T,

P(23) = time tag for output from program

IM position and velocity output

P26) = 2y from the program, with time tag
L of P(23), and in MNBY selenocentric
27) = %y ™ coordinates
P29) = 2
7

P(L+29) = longitude (+ east) of station L, L = 1, &
P(34) = longltude of transmitter

P(L+34) = Ry cos @'y +H cos g = \/(xéL)z + (yéL)2 ,» L=1,14

P(39) = Ry cos @' + B cos ¢ for transmitter

P(L+39) = Ry sin o'y +H sinq = 2o L =1, L
P(4h) = R, 8in @' + H sin ¢ for transmitter

P(45) = mximum ellowable value of by + € o before station L's
data is deleted by the filter

P(h6)A = 023 for a 3-way station
P(47) = 0(2”3 for a 2-way station
P(LH&T) = 03)3 for station L, L =1, k



P(L+51)

P(L+55)

P(60)
P(61)
P(62)
P(63)
P(64)
P(65)

P(66)
P(67)
P(68)

(69)

P(70)
P(TL)
P(72)
P(73)
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b, the a priori estimate of the station L "rate bias"

error, L = 1, b

value for last cycle of N;L =yY(L), L =1, &

XM/E T
IM/E

Zy /B position and velocity of the moon
with respect to the earth in

3 > geocentric, MNBY coordinates

M/E ’

3.’M/E
iM/E J

Mg earth's gravitational constant

Mg moon's gravitational constant
Mg ¥ My
g in gM/M

Wpy nominal value of ;P
Wyns nominal value of ;Y
M(M. < 0), nominal value of M

IN, nominal value of specific impulse

M)  P(T7) P(Boﬂ r.cl C, 07_
P(75) P(78) P(81) = ¢, Cg Cg
P(76) P(T9)  P(82) LC3 Cs  Cg
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P83) = 1 - [exp(-]aTyl/T )]
_ - - 2
P(84) = 1 - [exp(-|aTy|/T 1))
2
P(85) = 1 - [exp(-|azy|/r4)]
_ - _ 2
K86) = 1 - [exp(-|aTyl/T )]
- - - 2
H87) = 1« [exp(-|azyl/T,0)]
2
P88) = o P
2
K8&) = Ot
K90) = oﬁﬁ
2
P(91) = O€I
P(92) = azg A’l‘o2 » velocity variance due to random gravitational
acceleration
v
P(93) = “’hc tr , & measurement data constant
P(9L4) = w3, biasing frequency for all stations
K95) = c, the speed of 1light
P(96) = Wportp’ 2D&Ular velocity of the earth
P(L+96) = Top;, for station L, L =1, b
P(101) = 03 » variance of measurement nolse
P(102) = d4nitial value of J(I, I) I = 1, 3 for descent
P(103) = 1initial value of J(I, I) I = k4, 6 for descent



P(104) = 1initial value of J(I, I) I = 7, 8 for descent-
P(105) = 1initial value of J(I, I) I = 9 for descent
P(106) = initial value of J(I, I) I =1, 3 for ascent
P(107) = 1initial value of J(I, I) I = k4, 6 for ascent
P(108) = initial value of J(I, I) I = 7, 8 for ascent
P(109) = initial value of J(I, I) I = 9 for ascent
P(L+109) = AYYP(L) L = 1, 4, the past value of AYY(L)
P(11L4) = Byry’ ‘the minimum allowable value of AYY(L)

P(115) = B yay’ the maximum allowable value of AYY(L)

P(116) = Any,ys the maximum allowable value of |AYY(L)-AYYP(L)|

P(117) = 4initial value of mass for descent

P(118) = 1initial value of mass for ascent

P(119) = approximate value of the transit time of electromagnetic
waves from the spacecraft to the receiving station

P(120) = motor on time, in hours from midnight of launch day,
for descent; motor on time should be at the start of
ullage

P(121) = initial value of ﬁN for ascent

P(122) = powered flight value of ols , used when tracking data

eM
is available



65

P(123) = powered flight value of oéM, used when no tracking data is
available

P(124) = time interval for processing free flight tracking data prior
to powered descent initiation

P(125) = time offset to engine-on-time for the ascent phase

P(126) = time offset to engine-on-time for the descent phase

1L.3 Temporary Storage Variables

All temporary storage variables are double precision. The sizes
of the various matrices and vectors are shown here.

M(L, 21) D(21, L) H(4, %) B(21, &)

A(13, 13) Y(4) E(169)

To save storage, the vector E(I) should be equivalenced to the 169 ele-
ments of A(I, J). Also, the matrix D(I, J) should be equivalenced

to the first 84 elements of A(I, J), and B(I, J) should be equivalenced
to the next 8L elements of A(I, J). However, note that the operation
of the program is not dependent upon the equivalence of the above
variables. The equivalencing is only a storage saving feature.

The total storage required by the variables mentioned in this
section, and the preceding two sections, is 1782 words of core
storage. Note that a single precision version of this program
(practical only on a CDC machine) requires only 915 words of core
storage.

14.4 The Subroutine TRANST Programing Instructions

In section 12, the engineering equations for the subroutine TRANST
were discussed. The engineering equations are "linked" to the
programing instructions by the definitions of the E cells shown here.
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E(1) = T

"garth * 0

For L=1, 2, 3, &

B(L+) = x(T) E(L+5) = ygr(Ty)

E(LY) = xg(Ty) E(LH13) = yg(Ty) E(L+L7) = 25 (Tg)
E(L+21) = Ty,

E(L+25) = x(Ty;) E(L+29) = ¥(Ty;) E(L+33) = 2(Ty)
E(L+37) = x(Ty) - xg (Tp)

B(LH1) = y(Typ) - yg (Ty)-

E(LH5) = 2(Typ) - 25 (Ty)

B(L+9) = Ry /p(Typ) - Ry (To)l

B(5) = T, B(55) = B(34) + wg x Ty

B(s6) = xyT)  E(5T) = yg(Tp)

B(58) = %i(Tp) E(59) = §'q(Tp)

B(60) = xy(Ty) E(61) = yy(Ty) B(62) = z(Ty)
B(63) = 1) B(64) = F(Tp) B(65) = (1)

ForL=1,2, 34

E(L+65) = TTL

B(L+69) = x(Typ) = Xp(Tyy)

E(L+73) = HTy) - ¥q{Tqy,)

E(L+7T) = 2(Ty) = 2q(Tgy)




E(L+81)

]

"

E(L485)
E(L+89)
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1By /6(Typ,) = BplTyy)|

Ty = Tr
Ty -

The detailed programing instructions are as follows

E(1) = P(96)*p(18)
Dfa L=1, 4
E(L+1) = P(L+34)*Dcgs(P(L+29) + E(1))
E(L+5) = P(L+3L4)%DSIN(P(L+29) + E(1))
E(L+) = P(1)*E(L+1) + P(4)%E(L+5) + P(7)*P(L+39)
E(L+13) = P(2)*E(L+1) + P(5)*E(L+5) + P(8)*P(L+39)
E(L+17) = P(3)#E(L+1) + P(6)*E(L+5) + P(9)*P(L+39)
E(L+21) = P(18) - (DSQRT((X(1) - E(L+9))#x2
+ (x(2) - B(L4913))0e2 + (X(3) - E(L+L7))**2))/P(95)
E(L+85) = E(L+21) - P(15)
E(L+25) = X(1) + E(L+85)#X(4)
E(L+29) = X(2) + E(L+85)%x(5)
E(L+33) = X(3) + E(L+85)#x(6)
E(L+37) = E(L+25) - E(L49)
E(L+1) = E(L+29) - E(L+13)
E(LH5) = E(L+33) - E(L+T7)
a  EB(L+49) = DSQRT(E(L+37)##2 + E(L+i1)wx2 + E(L+45)#2)
E(54) = E(22) - P(18) + E(22)
E(55) = P(34) + P(96)*E(54)
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E(56) = P(39)#*DCPS(E(55))

E(57) = P(39)*DSIN(E(55))

E(58) = -P(96)#E(5T)

E(59) = P(96)#E(56)

Do 1I=1,3

E(I+59) = P(I)#E(56) + P(I+3)#E(57) + P(I+6)*P(kk)
b E(1+462) = P(I)%E(58) + P(I+3)*E(59)

DFec L=1,4

E(L+65) = E(L+21) - (DSQRT((E(L+25) - E(60))**2

+ (E(L+29) - E(61))#*2 + (E(L+33) -~ E(62))»%2))/P(95)
E(L+89) = E(L+65) - E(5h)
E(60) - E(L+89)#E(63)
E(61) - E(L+89)*E(64)
E(62) - E(L+89)#E(65)

E(L+69) = E(L+25)

E(L+73) = E(L+29)

E(L+77) = E(L+33)

c E(L+81) = DSQRT(E(L+69)##2 + E(L+73)##2 + E(L+77)%%2)
Note that X(I), P(I), and E(I) should be in common.

14.5 The Subroutine TRAJ Programing Instructions

This subroutine will integrate the first six elements of the state
vector, and the position and velocity of the moon over the interval
AT seconds according to the equations outlined in section 5. The
maximum step size is controlled by the logic shown in figure 6. At
the present time, it is not anticipated that this option will ever be
exercised. It is included only as a safety precaution to avoid an
overly large integration step. This option is designed primarily
for free-flight integration. If the option is exercised in powered
flight, TRAJ assumes that wP, wY and M are constant over the total

integration step.
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As shown here, the definitions of the E cells link the engineering
equations to the programing instructions.

E(1) = time of the state estimate

E(2) = x E(3) =y E(L) = 2

E(5) = x E(6) = ¥ B(7) = 2

E(8) = Xy /E E(9) = Yu/k E(10) = 2y /g
B(11) = s E(12) = §y /g E(13) = &g
E(14) = x - xM/E E(15) = y - YM/E E(16) = z - ZM/E
E(17) = ey + €,p E(18) = ey + €y E(19) = ﬁN + e
E(20) = sin o E(21) = sin Vy

E(22) = cos ¥p E(23) = cos iy

E(24) = sin ¥y sin ¥p E(25) = sin by cos ¥p

E(26) = cos ¥y sin ¥ E(27) = cos ¥y cos ¥p

B(28) - |Ry/gl” B(20) = IRy /g B(30) = ug/ IRy 51>
E(31) = AT E(32) = AT/2 E(33) = a73/6
B(3) =[B!’ B(35) = [Ry/g! B(36) = tny/ IRy /g
B37) - & E(38) = § (Iy+e;) E(39) = & (Mytep)
E(k0) = 'B-V/E-BM/Elz B(4) = [By /gy /gl 5(42) = 1/ IRy Ryl



E(43)

E(46)

E(L49)

E(52)

E(54)

E(55) =

E(58)

E(60)

E(63)

E(66)

E(69)

E(71)

E(74)

X N A - Z
e = gl B5) = TR T
C, E(LT) = Cy E(L48) = C,
]%MA% E(50) = g/i E(51) = g/z
E
e 5 5(53) = — M =+ E :
|’3}41/1&:| lllV/E'BM/El |r—{v/1=_:|
“Hy . M
|B—V/E—§M/E|3 |-RM/E|3 :
0 : T_—y ~ /e _ P
lFiv/E’BM/E| 5(56) B—V/E-BM/E =D BV/E-EM/E

8 (fyrey) Uiyreg)

X%
ox

X
X /E
oy P

ae}:i
—B.i
ox

.
Xy /g

B(59) = B (Lpre;)(Mptep) &

E(61) = % Bee) - &
E(6h) = 5-3-:—/; E(65) = 32.3/}:
B(67) = %Y 5(68) - &
E(70) = ngI

B(72) = %;é B(73) = &
B(75) = g;dl/; B(76) = a—%;




E(77)

E(80)

E(82)

E(85)

E(88)

E(91)

E(93)
E(96)

E(99)

E(100)

E(101)

E(102)

E(104)

-g{; E(78) = %;
. s
% B(81) = x
3% %
= E(83) = a;
Xy /g Vu/E
. -
g—;P 2(89) - 5~
3% _ ¥
e E(92) = o
X E(94) = ¥y
X E(97) = ¥
N
] HM X - Xv/E
IRy /e Rel® By Ry
3 MM Y~ In/E
|Ijv/E'BM/E|3 IBV/E'BM/E|
3 . 3 X E(103) =

Hp *M/E
3 3

E(105) =

B(m) = &

E(84) = %.:-'

B(%0) = &

E(95) = %

£(98) = %

Y

YM/E
STWAERT
By/e!” 1Byse
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The detailed programing instructions are shown here. Note that
, P(I), and E(I) should be in common.

E(20) = DSIN(X(7))

E(21) = DSIN(X(8))

E(22) = DC@s(x(7))
E(23) = DCgs(x(8))
E(24) = E(21)*E(20)

E(25) = E(21)*E(22)
E(26) = E(23)*E(20)
E(27) = E(23)*E(22)

IF [8(31)] > P(17) 6f ¥ a
N = 1

of T¢ b

N = 1. D0 + (DABS(E(31)))/P(17)
E(99) = N

E(31) = E(31)/E(99)

DFn L=1, N

B(1) = E(1) + E(31)

Dgec I=1,3

E(I+13) = E(I+l) - E(I+7)

E(I+16) = P(I+69) + X(I+9)

Dga I=1, 13, 6

E(I+27) = E(I+1)#x2 + E(I+2)##2 + E(I+3)#x2




E(I+28)
E(32)
E(33)
E(30)
E(36)
E(42)
E(37)
E(38)
E(39)
D@ e
E(J+45)
Dg e
K = I
E(K+41)
E(52)
E(53)
E(54)
E( 58)
E(59)
Dg f
E(I499)

E(I+101)

"

]

Jd =

I=

+J

1}

I-=

T3

DSQRT(E(I+27))
E(31)#%2/2.D0

E(32)*E(31)/3.D0

(P(66)/E(28))/E(29)
(B(67)/E(34))/E(35)
(P(67)/E(40))/E(41)
P(69)/%(9)
E(37)#(P(73) + x(13))
E(37)*E(19)

1, 3

P(J+73)xE(26) + P(J+T76)*E(27) + P(J+79)*E(21)

1, 13, 6

E(K)/E(I+28)
(P(68)/E(34))/E(35)
E(42) + E(30)

-E(42) + E(36)
E(38)*£(19)
E(58)/x(9)
1, 2
3. DO#E(L42)%E(I+5k)

3. DO*E(30)#E(I+42)




Th

E(I+103) = 3. DO*E(36)*E(I+48)

g I=1,3

E(I+59) = E(100)*E(I+54) + E(102)*E(I+i2)
E(I+62) = -E(100)*E(I+5k) -E(LO4)*E(I+:8)
Dgh I=1,2

E(I+71) = E(101)*E(I+55) + E(103)#E(I+43)
E(I+74) = -E(101)#E(I+55) -E(105)*E(I+49)
E(71) = E(61)

E(7h) = E(6k)

Dgi I=1, 2
J = 57+ 3x1

B(J) = E(J) - E(I+52)

E(J+12) = E(J+12) - E(I+52)
E(J+22) = E(J+2)

E(J+23) = E(J+13)

EB(J+24) = -E(J) - E(J+12)
gy I=1,3

J = 55+ 11xI

E(J) = E(58)%(-P(I+73)*E(27) + P(I+76)*E(26))
E(J+1) = E(58)#(P(I+73)%E(24) + B(I+76)%E(25) -P(I+79)%E(23))
E(J+2) E(I+45)%E(59)

—E(T+45)%E( 38)

E(J+3)
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J  E(JH:) = -E(I+45)%E(39)

D¢k I=1,3
J = L9 +11xI
E(I492) = -E(42)#E(I+13) -E(30)#E(I+l) -E(36)*E(I+7) -E(I+:5)*E(58)

E(I+95) = E(J)*E(5) + E(J+1)*E(6) + E(J+2)*E(7) + E(J+3)*E(11)
+ E(J+4)#E(12) + E(J+5)%E(13) + E(J+6)*E(17)
+ BE(J+7)*E(18) + E(J+8)*E(19)

k  E(I+1) = E(I+1) + E(I++)*E(31) + E(I+92)#E(32) + E(I+95)*E(33)

Ddm I=1, 3

E(I+10) = E(I+10) -E(52)*E(I+T7)*E(31)

E(I+7) = E(I+7)%(1.D0 + E(52)%E(32)) + E(I+L0)*E(31)
m E(I+H) = E(I+H) + E(1+92)#E(31) + E(I495)#E(32)
n CYNTLNUE

14.6 Programing Instructions for Blocks 1 and 2

Blocks 1 and 2 are the first two blocks in the overall block
diagram shown in figure 5. The programing instructions for these
two blocks are shown here. Based on results from future simulation
studies, the equations in block 1 may have to be slightly modified.
The logic for block 1 is included in flow chart 1 of the appendix.

comment BEGIN BLOCK 1
7ero F(I), x(I), YY(I), JX(I, J), P(I), ¥Y(I)

Input the nonzero P(I) input constants. (If all P(I),
including zero values, are read in, then omit zeroing

P(I) above.)

Set descent (F(32) = 0), ascent (F(32) = 1) flag.
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Read in the RNP matrix as shown below:

P(1) P(2) P(3)
ML)  B(5) P(6)
B(7) P(8) P(9)

RNP

Obtain time of powered flight initiation from Mission Plan
Table (MPT) and store in T(120)

comment.  INITIATIZE FOR DESCENT OR ASCENT

1F (F(32) # 0) GO TO yy
P(15) = P(120) - P(124)

TFR((T P(20)). LT. P(15)) GO TO xx

RL
IF ((TRL - P(20)). TLT. P(120)) GO TO ww
(1) = P(120)

pr(18)

i

il

1 - ] a
(qRL P(LO))R
STORE MPT IM MCI VECTOR IN P(I), I = 60, €5

GO TO zz

e, ™ P(20)

(P(1) + P(119)), *

W r(15)

il

XX P(18)

aThis step, though easily done, is very critical. If not done
properly, the filter may get out of "sync" with the observation times
and fail to take in any measurements. Note, also, that it is assumed
that measurements are available exactly on the second mark. TFor
example, S5-measurements-per-second data cannot be processed with time
tags of 0.9, 1.1, 1.3, 1.5, 1.7, 1.9, 2.1, ... seconds.




Z22

T

CALL AEG. INTEGRATE MPT IM MCI VECTOR TO P(15).
STORE IN P(I), I = 60, 65.

G0 TO zz
P(15) = P(120) - P(125)

COMPUTE MCT STATE VECTOR OF LAUNCH SITE. (See flow chart 1

in appendix.)

CALL ELVCNV. CONVERT MCT VECTOR TO MCI AND STORE MCI VECTOR
IN P(I), I = 60, 65.

OBTAIN CSM MCI STATE VECTOR AT P(15) FROM VEHICLE EPHEMERIS.
STORE IN P(I), I = T4, TO.

CALL ELVCNV. CONVERT LM MCI VECTOR TO ECI. STORE ECI VECTOR
IN x(1), I =1, 6.

IF F(32) # 0 GP T¢ b

D a I =1, 3

E(I) = P(I+59)

E(I+3) = -P(I+62)

JX(1, 1) = ©P(102)

JX(I+3, I+3) = P(103)

JX(7, 7) = P(104)
Jx(8, 8) = P(104)
Jx(9, 9) = P(105)
x(9) = K117)

Gf ¥ d



comment

78

Dgc I=1, 3
E(I) = P(I+73)
E(1+3) = P(I+76)

Jx(1, I) = P(106)
Jx(1+3, I+3) = P(107)
(17, 7) = P(108)
Jx(8, 8) = P(108)
Jx(9, 9) = F(109)
Jx(12, 12) = P(123)
P(90) = P(123)
P(72) = P(121)
F(3k) = 1

x(7) = 1.50625 DO
x(9) = P(118)
Jx(10, 10) = P(88)
Jx(11, 11) = P(89)
Jx(13, 13) = P91)

CALCULATE C MATRIX

E(7) = DSQRT(P(60)%x2 + P(61)%x2 + P(62)%*2)
DFe I=1,3 |

MI+73) = P(I+59)/E(T)

E(8) = E(2)#E(6) -E(3)*E(5)

E(9) = E(3)#E(4) -E(1)#E(6)
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E(10) = E(1)xE(5) -E(2)*E(L)

K77) = E(9)*P(76) -E(10)*P(75)

P(78) = E(10)#P(T4) -E(8)*P(76)

P(79) = E(8)*P(75) -E(9)#P(Th4)

E(11) = DSQRT(P(77)%x2 + P(78)#x2 + P(79)%x2)

ge I=77,D

f P(1) = P(1)/E(11)
P(80) = P(75)*P(79) -P(76)*P(78)
P(8L) = P(76)*P(77) -B(74)*P(79)
P(82) = P(7h)*P(7é) -P(75)*p( 77)
g I=1,6

g P(I+59) = X(I) -P(I+59)

comment BEGIN BLOCK 2
CALL TRANST

P(16) = E(86)

14.7 Programing Instructions for Blocks 3, L4, 5, and 6

These blocks constitute the dynamics portion of the program.
Based on results from future simulation studies, the equations in
block 3 may have to be slightly modified. The logic for a restart
procedure and the logic for block 3 are included in flow charts 2 and
3 respectively of the appendix.

Just before the instruction "IF P(18) + P(20) > current time
WAIT" is the ideal time to interrupt this program to perform other
shared operations with the computer. This instruction forces the
program to be synchronized with real time. Because the program cycle
will execute "faster" than real time, there always will be a pause
at this instruction to allow real time to catch up.
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a C@NTINUE
IF (P(18) + P(20)) > TrL (current time in hours) WAIT

comment BEGIN BLOCK 3
IF (F(35) # 0) GP TP aaa
IF F(3k) # 0 G TP ab

IF P(15) < P(120) Gf T ag
comment INITIALIZE THRUST ANGLE F$R DESCENT

Df aa I =1, 3

aa E(1) P(I+62) - X(I+3)

aaa F(35) 0
E(4) = P(T74)xE(1

) + P(75)%E(2) + P(76)*E(3)
E(5) = P(77)%E(1) + P(78)*E(2) + P(79)*E(3)
)

E(6) = P(80)*E(1) + P(81)*E(2) + P(82)*E(3)

E(7) = DSQRT(E(4)xx2 + E(5)%x2)
X(7) = DATAN2(E(4), E(5))

X(8) = DATAN2(E(6), E(T7))
Jx(12, 12) = P(123)

P(90) "P(123)
F(3k)

comment SET DATA DR@PGUT FLAG

i

i}

1

ab F(31) = 1
IF (F(9) + F(10) + F(11) + F(12) = 0) SET F(31) = O

comment SET MASS FL@W RATE VARIANCE

IF (F(31) - F(33)) ac, af, ad




ac

ad

ae

comment

af

ag

comment

comment

P90) = P(123)
G¢ T¢ ae

Jx(12, 12) = P(122)
P(90)
F(33)

P(122)

F(31)

SET NMINAL VALUE OF MD@T T¢ BEST ESTIMATE $F MD@T

K72) = P(72) + X(12)
x(12) = 0. DO
CZNTINUE

BEGIN BLOCK 4

E(31) = P(16)

E(1) = P(15)
g I=1,6
E(I+1) = X(I)

E(I+7) = P(I+59)

CALL TRAJ
P(15) = E(1)
Dge I=1,6

x(1) = E(I#)
K(I+59) = E(I+7)
SET AT

IF F(34) = 0 Gf ¥ d




comment

h

comment
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M(k, 1) = P(16)
6f ¥ e

M(k; 1) = 0. DO
gfr 1=17,9

X(1) = X(I) + E(I+10)mM(L, 1)
g I=10, 13

X(I) = X(I)*p(I)

X(I+4) = X(I+s)»P(14)

BEGIN BLOCK 5

Dgh J=1, 3
K = 48+ 11w
Dgn I=1, 3
K = KA

M(J, I) = E(K)#P(16)

M(J, I+6) = E(K+6)%P(16)

M(J, T+11) = E(K+49)#P(16)

BEGIN BLOCK 6

Dgk I=1, 13

Dgi J=1, 3

AT, J) = IX(I, J) + IX(1, J+3)»P(16)

AT, J+3) = JX(I, 1)mM(J, 1) + IX(I, 2)=M(J, 2)
+ JX(1, 3)sM(J,3) + IX(1, T)eM(J, T)
+ JX(1, 8)wM(J,8) + JX(I, 9)M(J, 9)
+ JX(I, 12)«M(J, 12) + JX(I, 13)=M(J, 13)
+ Ix(1, J+3)
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gy I=179
AT, J) = Jx(I, J) + Jx(1, J+3)M(k4,1)

Dk J=10, 13

AT, J) = JX(I, J)«J)

D¢ n I=1,3

Dgm J=1I,13

JX(I, J) = A(I, J) + A(I+3, J)*P(16)
L = I+23

Dgn JT=1, 13

JX(L, J) = M(I, 1)#A(1, J) + M(I, 2)=A(2, J) + M(I,3)=A(3, J)
+ M(I, 7)*A(7, J) + M(I, 8)*A(8, J) + M(I, 9)=A(9, J)
+ M(I, 12)#A(12, J) + M(I, 13)=A(13, J) + A(L, J)

Do I=17,9

Do J=1I,13

JX(I, J) = AMI, J) +A(T+3, J)eM(L, 1)
Dgp 1I-=10, 13

pgp J=1I,13

IX(1, J) = P(I)»A(I, J)
DFqg I=2,13

L = I-1

Dgq JT=1, L

ax(1, J) = JX(J, I)
Dgr J=1, 13

Dgr I=1,4

A(I, J) = P(14)wIX(1+13, J)



comment

8l

AT+, J) = JX(I+87, J)
D¢ u I
Dgs J=1,3

1, 8

JX(1413, J) = A(I, J) + A(I, J+3)»P(16)

JX(1413, J+3) = A(I, 1)sM(J, 1) + A(I, 2)eM(J, 2)
+ AT, 3)a(J, 3) + AT, 7)M(J, T)
+ AT, 8)mM(J, 8) + A(T, 9)M(J, 9)
+ A(I, 12)sM(J, 12) + A(T, 13)#M(J, 13)

+ A(I, J+3)
D¢ t J=19
Jx(1+13, J)

DFu J=10, 13
AT, J)»P(J)
E(1) = P(1k)me2

JX(1413, J)

v I-=1k, 17
pgv J=1I,17

Jx(1, J) E(1)%JX(I, J)

Jx(J, I) Jx(1, J)

Dgw I=18, 21
Dgw J=1k4, 17
JX(1, 3) = P(1)wJX(I, J)

Jx(J, 1) = JX(1I, J)

A1, J3) + AT, J+3)wM(L, 1)
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x JX(I, I) = JX(1I, 1) + P(92)
D¢ y 1=10, 13
JX(1, 1) = JX(I, I) + P(I+73)*P(I+78)

y JX(I+H, IH) = JIX(I+, I+H:) + P(87)#P(1+38)

14.8 Programing Instructions for Blocks 7 through 1L
The check on |F(1)]| + |F(2)] + |F(3)] + |F(4)]|, shown functionally

between blocks 9 and 10 in the overall block diagram, is made by
equivalent checks at the beginning of block 10.

comment BEGIN BLOCK 7
M=20

Dgg L=1, 4

IF there is a gooda cycle count for the Lth station in the
interval P(18) -1.D-5 to P(18) + 1.D-5 hours G T¥ a

P(L+109) = 0.DO
M= MHl

F(LH) = o0
ML) = o

Gf ¥ £

#The word good means that the tracking station has attached a
good label to the data.
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Store count in YY(L)

Set F(L+12) 0 for 3-way Doppler.’

Set F(L+12) 1 for 2-way Doppler.’
Load station ID number into F(L+16).P

Load by, a priori "rate bias" in cycles/nour, into P(L+51).

E(9%) = YY(L) -P(L+55)

IF (E(94) < P(114)) G T¢ b

IF (E(94) 2 P(115)) 6f ¥ b

IF (DABS(E(94) -P(L+109))) = P(116) Gf ¥ b

F(L++) = 1
of ¥ c
F(LH) = O

P(L+109) = E(94)
IF (F(L+:) -F(L+8)) >0 G T¢ 4

ML) = ©
of ¥ e
ML) = 1

IF F(LH16) = F(L+2l) G ¥ f

Prhe information concerning the flag, F(L + 12), and the station
1D number, F(L + 16), is contained in the tracking station input word.




87

Load geodetic longitude of station F(L+16) into P(L+29).2
Load Ry cos ¢' + H cos ¢ for station F(L+16) into P(L+34).%

Load R, sin ¢' + H sin ¢ for station F(L+16) into P(L+39).a

F(L) = -1
f P(L+55) = YY(L)
g F(L+8) = F(L+H4)
IFM=L4og ¥ 1

Load transmitter ID into F(21).
IF F(21) = F(26) o ¥ i

*
Load geodetic longitude of station F(21) into P(34).
*
Load Ry cos ¢' + H cos ¢ for station F(21) into P(39).
*
Load Ry sin @' + H sin ¢ for station F(21) into P(4L).

DFh I=1, 4

h F(1I) = =1
i Dgjg I=1,5
J F(I+21) = F(I+16)

comment BEGIN BLOCK 8
CALL TRANST

P(16) = E(86) + P(19)

#These quantities may be loaded directly from the station
characteristics table.



comment

comment

BEGIN BLOCK 9

D¢ o
IF F(L+4)

L=1,

K

L+33
M(L, L+13)

M(L, L+17)

D¢ k

K

d =

K+

M(L, J)
M(L, J+3)
of ¢ o
D n

ML, I)

I

W

M(L, L+13)
M(L, L+17)
CONTINUE

BEGIN BLOCK 10
Dg v

IF (F(L))

L=1,
{L+LT)
P(L+96)
D¢ p

JX(L+17,

D¢ q

J

L

0

3

E

L

0

Gf ¥ m

P(18) -P(L+96)

-l-DO

P(93)#(E(K)/E(L+9) + E(K+32)/E(L+81))

(L+85)*M(L, J)

of ¥ v

PG5+ F(L+49) + E(L+81)) -Y¥(L)

P(18)

J=14, 21




JX(J: L+l7) =
IF (F(L)) >0

IF (F(L+12))
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0. DO
G ¥ v
0O G r

P(L+47) = P(47)

Gf ¥ s

P(L+47) = P(L6)

X(L13) = 0. DO

gt J=1, 21

JX(L+13, J) = 0. DO

Ddu J=14 21

JX(J, L+13) = 0. DO

JX(L+13, L+13) = P(LHT)

C@NTINUE

gz L=1,4

IF (F(L)) = 0 Gf ¢ =

gw J=1, 21

JX(L+17, J) = M(L, 1)#3x(J, 1) + M(L, 2)*Jx(J, 2)
+ M(L, 3)*JX(J, 3) + M(L, 4)=JX(J, &)
+ M(L, 5)*JX(J, 5) + M(L, 6)=JX(J, 6)

D x J =14, 21

JX(J, L+17) = JX(L+7, J)
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JX(L+17, L+17) = JX(L+17, L+17) + P(101)
M(L, L+13) = 0. DO
M(L, L+17) = 0. DO ‘
gy J=1,6
y M(L, J) = 0. DO
z C¢NTINUE
comment BEGIN BLOCK 11
Dfaa L =1, h

Y(L) = YY(L) -P(93)#(E(L+49) + ﬁ('L+81)) ~(P(94) + P(L+51)
+ X(L+13) )#(P(18) -P(L+96)) + X(L+17)

IF (F(L+4)) = 0 SET Y(L) = 0. DO

aa C@NTINUE
P(18) = P(18) + P(19) ‘
M = 0

comment BEGIN BLOCK 12

comment FORM D = J(M TRANSPOSE)

ab Dfac I=1, 21
Ddac J=1,4
ac (I, J) = JX(I, 1)eM(J, 1) + Jx(I, 2)m(J, 2) + JX(I, 3)M(J,3)

+ JX(I, l")"M(J: L) + JX(I, 5)*M(J, 5) + J'X(I, 6)*M(J,6)
+ JX(J+13, I)#M(J,J+13) + JX(J+LT,I)#M(J,T+1L7)

comment FORM H = MD + W ‘

Dfge I=1,4

DFad J=1,1I
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ad H(I, J) = M(I, 1)#D(1, J) + M(I, 2)*D(2, J) + M(I, 3)*D(3, J)
+ M(I, b)#pik, J) +M(I, 5)%D(5, J) + M(I, 6)#D(6, J)
+ M(I, I+1:)#D(I+13, J) + M(I, I+17)#*D(I+17, J)
. ae B(I, I) = H(I, 1)+ P(101)

DP aea L =1, 4

R

aea M(L, 10) = H(L, L)*P(k5)
comment FORM H = H INVERSE
H(1, 1) = 1.po/H(1, 1)
DFaj J=1, 3
L = JH
Dfat I=1,J
H(I, L) = 0. DO
. Dfaf K=1,Jd
af H(I, L) = H(I, L) - H(L, K)#H(I, K)
Dfag K=1,J
ag H(L, L) = H(L, L) + H(L, K)#H(K, L)
H(L, L) = 1.Do/H(L, L)
DFah I=1,J
- ah B(L, I) = E(I, L)«H(L, L)
Dfai I=1,J

DFai K=1,J

H(I, K) = H(I, K) + H(I, L)#A(L, K)

ai H(K, I) = H(I, K)
Dgajy I=1,7J
a) B(1, L) = H(L, I)

Change 1, September 8, 1969

tsbmawe 1
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comment FORM B = DH
DFak I=1,21

Dfak J=1, 4

ak B(I, J) = D(I, 1)#H(1, J) + D(I, 2)H(2, J) + D(I, 3)#H(3, J)
+ D(I, L)sH(E, J)
IFM{ 0 6f ¥ ap .

A

comment BEGIN BLOCK 13
Df an L =1, 4
IF (F(L+8)) = 0 G¥ T¢ an
K = IL+13
H(L, 1) = Y(L)¥**2

IF (H(L, 1) < M(L, 10) .AND. STATION IN AVERAGE)

GP T¢ an .

F(1+8) = O

Dfam J=1, 6
‘ am M(L, J) = 0. DO
M(L, K) = 0. DO
M(L, L+17) = 0. DO
' an C@NTINUE ¥
Dfaoc L=1, 4
| {

IF (F(L+4) = 0) ¢ T¥ ao

IF (H(L, 1) < M(L, 10) .AND. STATION IN AVERAGE)
G@ T¢ ao

Y(L) = 0. DO

Change 1, Sevtember 8, 1969

NASA — MsC
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m, m, Wy my W\ mg O 0 0 00
my, My, My My W My O 00000
M =
0O 0 O
my Mgy Mgz My Mmyg myg O 0
—
0 0 m 0 0 0 m 18 0 0 0
0
0 0 0 mp 15 0 0 0 m 1 0
0 0 0 0 m3,16 0 0] 0 m3’20 0
0o o 0 0 0 m, 17 0 0 0 My, 21

If the measurement flag, F(IL+L4) L = 1,4, indicates that the data
for station L is either bad or missing, then the Lth row of the M matrix
is set to zero. This causes the state error ccvariance matrix to reflect
the fact that the station L data is not being used.

Note that the error in calculating IL, eI, is

e, = M(L, 1) e * M(L, 2) e, + M(L, 3) e,

+ M(L,4) es + M(L,5) ey + M(L,6) e; - W

where e s ey, eey €7 are the errors in the filter's estimates of x,

Yy +-+5 2. This equation will be used to reset the (L+13)th row and

column of the state error covariance matrix whenever IL is reinitialized.

For example, let L = 2. Then

J(l9,l) = E[eIZ ex] = M(Z,l) J(l:l) + M(Z,Z) J(liz) + M(2:3) J(l)3)

+ M(2,h) 3(1,4) + M(2,5) 3(1,5) + M(2,6) I(1,6)
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and
J(19,2) = E[eIZ ey] = M(2,1) J(2,1) + M(Z,Z) J(2,2) + M(2,3) J(2,3)

+M(2,4) 3(2,4) +M(2,5) 3(2,5) + M(2,6) J(2,6)

and so on.
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9.0 DATA INPUT LOGIC AND DATA STATUS CHECKS

The following integers are defined to assist in the handling of
the measurements.

F(L)

il
o

1}
-

F(L)

F(L+kL) =

F(L4L) =

F(L+8) =

F(1L+12)

F(L+12)

F(L+16)

F(L) L=1,2, 3, 4

do not reset 1., T 1’ and ew

L 0T 3L
reset I, and TOIL' (Caused by bad data.)
reset IL’ TOIL’ and €w3L' (Caused by station location
change.)

F(L+h) L=1,2, 3,k

0, current data bad or missing for station L
1, current data good for station L

F(1+8) L =1, 2, 3, &

last value of F(L+k)., DNote: it may be desirable to display
these flags.

Mi+12) L=1,2, 3 b4

0 for 3-way data from station L ~

1l for 2-way data from station L

F(L+16) L=1,2, 3, b

is the station L identification number
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F‘Zl)

P(21) 1is the transmitter identification number

F(L+21) L=1,2 34,5

F(L+21) = the last value of F(L+16)

Part of the data status checks involves editine of the data. A
simple, but effective, data editing scheme is used to tag the data good
or bad. The scheme is a "three-point" editing procedure which checks
the current data against the two previous data points. To be labeled
good, the current data point must pass both a gross reasonableness test
and a smoothness check. The gross reasonableness test is made by
checking the slope (NO - Nl)/ATO’ (fig. 2). The slope must lie within
reasonable bounds; otherwise, the cycle count at TO will be labeled
bad. For example, the slope is approximated as

v
("o - ul)/m'o ~ wy + 2 _“Lé_g_r_ (velocity along the line of sight)
where
6 v
oy - 10" cycles/sec 2 EE1?££ = L.6k cycles/ft
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Cycle
Count
o)
acceptable
slope region
N predicted point
1+
Nz__
X ' —3 time
' _|_ AT ______.+
}‘ AT 0
0 T T,, current
T, 1 0

observation time

Figure 2.~ Illustration of data editing.

Because the line-of-sight velocity of the IM with respect to the
earth (for lunar ascent and descent) is always less than 6000 fps, note
that

6

106 -28,000 < (Nb - Ni)/ATO < 10" + 28,000 cycles/sec

The predicted data point is given by the first-order Taylor series
expansion

Vo)
N, = N + (T, -7 )
0 1 Tl - Tz 0 1
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The smoothness check is passed if

I - | < dapx

where a value will be derived for A

later.

2MAX

Data editing is greatly simplified if there is an assurance of
available data at every observation time; that is, no missing data.
This requirement can be easily satisfied if, when a data point is
missing, the current cycle count is assumed to be the same as the
previous cycle count. This is perfectly safe to do because the gross
reasonableness test would be failed in this case and the data point
would be labeled bad. If there are data at every observation time, then

T =T, = Ty =T
and
§, = 2N, - N,
and
N, -, = N, - 2N, +N, = (N,

But the quantity on the right is the second difference of the cycle

count, A2 NO’ which is approximately

W, Vep

2
A2 NO &2 — A'I‘o (acceleration along the line of sight)

Because the maximum acceleration of the IM is about 30 ft/secz, it

follows that

-N) - (N - N)

|A2 Nol < 1ko A'I.'o2 cycles

because of LM acceleration. However, because there are random errors

added to the measurements, it follows that
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(¢}

2 = 6 oy (GN~]§'-cycle)

m .82 cycles

Because the random error is primarily caused by a zero to 1 quantization

error in the cycle counter, the maximum value of A2 NO caused by gquan-

tization error would be
|A2 Ny| <2 cycles

Thus, the value for A may be chosen as

2MAX

Bomax ™ 2 + 140 A’I‘02 cycles

In summary the current data is accepted if

Ay <N - N<Bx

and

(Ry = B) - (9 - W) | <y,

where

A

e (106 - 28,000) AT, cycles

A Max ® (106 + 28,000) AT, cycles

Bopg ™ 2 + 140 AT 2 cycles

2MAX
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There is one further data editing check performed in another part
of the program. Immediately before the state vector is corrected, the

solution for the "rate bias", bL + € 3L° is checked to see if it is too

l-rsv, based on the current measurements. If i1t is lJarger than some
predetermined maximum value, then the residual for that station is set
to zero, the corresponding row of the measurement matrix is zeroed,
F(IL+3) is set to zero, and the measurement weighting matrix, B, is re-
estimated. The reason for this additional editing checl is that with
the normal editing a large rate bias error cannot be easily detected.
/lsc, depending on the size of ATO, a few wild data points can pass the

rnormal editing.
The data status checks do the following

1. If data for station L is missing or bad for time T the number

09
in the station L cycle count cell is labeled bad by setting F(L+L) = 0.

2. Likewise, F(I+8) is set to zero (elsewhere in the program) if
station L has too large a "rate bias'" error, b + € 3L

3. TF(L) is set to 1 if station L data goes from bad to good. When
F(L) =1, TOIL and the station L integration constant, IL, will be re-
initialized. Also the corresponding row and cclumn of the state error
covariance matrix will be reinitialized.

L, F(L) is set to -1 if the station L location changes or if the
transmitter location changes. When F(L) = -1, the Is Torp and
€L - X(L+13) are reinitialized, and the corresponding row and column
of the state error covariance matrix will be reinitialized.

5. The F(1+12) flag is set to zero or 1 according to whether the
station is a 3-way or 2-way station.

A block diagram of this logic is shown in figure 3. 1In this
diagram

YY(L) 1s storage for the current cycle count from station L

YYP(L) is the past value of YY(L)

AYY(L) = YY(L) -an(L)

AYYP(L) = past value of AYY(L)
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10.0 INITIALIZATION OF MEASUREMENT CONSTANTS

When F(L) =1, TOIL and the station L integration constant, IL,
will be reinitialized. Also, the corresponding row and column of the
state error covariance matrix will be reinitislized. In section 8§

the initialization equation for IL was given by

W), Vgr »
1 = = CIR(Ty ) Ry(Ty )| + IR (Typ) Bep (Topp )1 Ry, (Tory)

When F(L) = -1, TOIL’ 3p, = X(L + 13) will be reinitialized; -

X(L + 13) is initialized by setting it equal to zero. Likewise, the
corresponding rows and columns of the state error covariance will be
reinitialized. Whenever initialization takes place, the measurement
is used in the initialization equations and should not be used again
in the Kalman filter. To prevent this reuse, the appropriate row

of the M matrix is zeroed out.

I, and ¢
L w

The block diagram for the initialization procedure is shown in
figure 4. In this block diagram

P(46) = 023 for a 3-way station

P(L7) = 05’3 for a 2-way station

P(LHT) = 023 for station L, L= 1, 2, 3, b
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11.0 STATE AND COVARIANCE MATRIX UPDATE EQUATIONS

As in section 6, special procedures to save time are used to perform

the following matrix operations: D = JM?, H=MD +W, H = H’l, B = DH,

T N
J=J-BD", and X = X + B(X* - X). The special procedures are given below )
and as part of the detailed program instructions. N

In section 8, the M matrix was shown in the form

prosp

By M B3 My ™ mg 0 0 0 0 0
Moy Tpp Ty My, Mg By O 0 O O O

M=
m3l m32 m3 3 m3h m3 5 m36 0O 0 0O o0 o
M1 Tz T3 T M5 e 0 0 0 00
0O o0 ml,lh 0 0 0] m1,18 0 0 0 ]
0O 0 0 m2,15 ¢ 0 0 m2,19 0 0
0O o 0 0 B3 16 0 0 0 B3 20 0
o o 0 0] 0 mh’ 17 0] 0 0 mh, 21

By the use of the special form of the M matrix, D = J MT is given by

w. 1-1,21
DFa J=1,4
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a DI,J) = J(I,1)s4(J,1) + J(1,2)«M(J,2) + J(1,3):(J,3)
+ J(I,4)m(J,4) + 3(1,5)M(J,5) + J(I,6)%M(J,6)

+ J(J+13, I)mM(J, J+13) + J(J+17, I)* M(J, J+17)

Note that J(I,J) I = 1,13 J = 14,21 is not used in the above algorithm.

H=MD + W is given by

Do I=1,L
a J=1,I

a B(I,J) = M(I,1)#D(1,J) + M(I,2)*D(2,J) + M(I,3)#D(3,J)
+ M(I,b4)#*D(4,J) + M(I,5)*D(5,J) + M(1,6)*D(6,J)

+ M(I, I+13)#D(I+13, J) + M(I, I+ 7)*D(I+17, J)

v H(I,I) = H(I,I)+ow2

Note that only the lower trlangular part of the symmetric matrix H is
calculated.

H= H-l is given by

H(1,1) = 1.Do/H(1,1)
e J=1,3
L =J+.

Dpa I=1,J
B(I,L) = 0. DO
Dda K=1,J
a H(I,L) = H(I,L) - H(L,K)#H(I,K)

v K=1,J
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» H®L,L) = H(L,L) + H(L,K)#8(K,L)
B(L,L) = 1. DO/H(L,L)
e I=1,J
¢ HKUL,I) = H(I,L)+H(L,L)
pga I=1,J
pga K=1I,J
H(I,k) = BH(I,K) + B(I,L)#H(L,K)
d HE(KX,I) = B(I,K)
Dge I=1,J
e H(I,L) = H(L,I)

Note that the above inversion algorithm is designed specifically to
invert a symmetric matrix using only the lower triangular part of
that matrix. The algorithm requires about half the number of multi-
plications and additions that a normal matrix multiplication requires.

Also, no external storage is used.
B = DH is given by

Dda I=1,21
Dga J=1,4

a B(I,J) = D(I,1)#8(1,J) + D(I;z)*ﬂ(aﬂ) + D(I,3)'lﬁ(3,J)

+ D(I,4)»H(4,T)

J = J-BDT 1s given by

Dga I=1,13
D¢ a J=1,13
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J(IyJ) J(I)J) 'B(I;l)*D(J)l) -B(I,Z)*D(J,Z) 'B(I)3)*D(J}3)

-B(I,4)#D(J,u)

a JJ1) = J1,J)
Dgc I
Dgov J

v J1,5) = J(1,J) -B(1,1)*(J,1) -B(I,2)#D(J,2) -B(I,3)*D(J,3)

14,21

1,13

-B(I,4)%D(J,4)

Dgc JT=1I1,21

J(1,3) = J(1,J) -B(I,1)#D(J,1) -B(I,2)#D(J,2) -B(I,3)#D(J,3)
-B(I,4)%D(J,4)
¢  JJ,1) = HI,J)

Note that the above algorithm makes use of the symmetry of the J mavrix,
and, again, J(I,J) I =1, 13 J = 14, 21 is not used or disturbed. This
part of the J matrix has not been used anywhere in the previous secticns.
Thus, this block of 104 double precision words of nondestroyable storage
is available for other uses within the program.

x = x+ B(y* - y), vhere y* - ¥ 1s stored in Y(I), is glven by

Dda I=1,21

X(I) = X(I) + B(I,1)»¥(1) + B(I,2)»Y(2) + B(I,3)#¥(3)

+ B(I,4)xY(L)
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12.0 LIGHT TIME SUBROUTINE (SUBROUTINE TRANST)

This subroutine solves the transit time equations; that is, given

a measurement observation time TO’ TRANST solves for TV’ the time at
which the signal had to leave the vehicle in order to arrive at the
receiving station at time TO. TRANST also solves for TT’ the time at

which the signal had to leave the transmitter in order to arrive at the

vehicle at time TV.

The subroutine estimates BV(TVI) - BSI

the receiver to the vehicle, and BV(TVI) - R (T

(TO), the range vector from

TI)’ the range vector

from the transmitter to the vehicle. TRANST also solves for the magnitude

of these vectors.

The time for station I, T T is obtained by iterating the equation

v

T o= Ty - = |DxTp) + (T - Tp) K1) - x (7)) F
+ 1) + (T = Tp) HTp) - v (T) TP

. 2|1/,

A value of TVI = TF (TF is the filter time tag of the state vector) is
used to start the iteration. Because of the manner in which TF is

= + - - i . .
updated (ATF TVl ATO TF), TVI TF is always less than 0.02 second

)

From the above equation, Té? may be written symbolically for the nth

iterated solution as

(n) (n-1)
T = floy )
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The error, e, in the solution for TVI’ after n iterations, is given by

the equation
|e(n)| = {0 o

where M is the maximum absolute value of df/dTV in the vieinity of

I

TVI' The equation for df/dTVI is

ar 1%k Rye
VI ¢ lEv/sl

where V/S refers to vehicle with respect to the station, and V/E refers
to vehicle with respect to the earth. For a maximum vehicle velocity
of 10" fps, M can be evaluated as

L
M . 3070

lO9

0 -
Because |e )I is less than 2+10°2 seconds

|e(n)| < 2.10‘2(10-5)n

for which a value cf n = 1 will be used. Thus

1 -
ie( )' < 2.1077 seconds

After TVI is determined, the position of the vehicle can be

calculated in the following manner.

x(Typ) = x(Tp) + (Typ - Tp) x(Tp)

WTyp) = ATp) + (Typ - Tp) 3(Tp)

z(TVI) z(TF) + ('1'VI - TF) i(TF)
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Also, the vector components x(TVI) -xSI(TO), y(TVI) —ySI(TO), z(TVI)
—zSI(TO) and the absolute magnitude of this vector will be calculated.

In the calculation of TVI’ since the state vector is in MNBY co-

ordinates, the four station location vectors must also be in MNBY co-

ordinates. In true-of-date coordinates, the station location is given .
by N

x' o (T,) P(I1+34)xcos[P(I+29) + Waortn ToJ )

n

¥'g7(To) P(T+34)#sin[P(1+29) + wp .. T, ]

z'SI(TO) = P(I+39)

where P(I+29), P(I+34), and P(I+39) are obtained from the station
characteristics table (section 9, fig. 2). These locations are then
transformed to MNBY coordinates by the RNP matrix. This requires
four coordinate transformations (one for each of the four stations).

[ x57(T,) | x'p(T)
| 251(%o) | | Z'51(To) |

The time TTI is obtained from

1l

A /2
+ [2(Ty) - zT(TT)]z]




where

and where
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TT = TVJ.-(TO- v]-)

xy(Ey) [B(39)%cos(B(34) + y, 7]
yplTp) | = (RNP)T | P(39)wstnlR(3h) + uy 7]
| 20Ty R
Note that
b"'r('f'r)_ _-wE P(39) sin{P(34) + wy F]]
§T(1“?T) = (RP)T| w; P(39) cos[P(3k) + wg Ty
2o T) 0
Thus , xT(TTI), yT(TTI), and ZT(TTI) are given by
Fx‘I‘(TTI)— —xT('iT)— _*T('i'r)—
ylTe) | = oglB) | + (T - B) | (B
_zT(TTI)J _ZT('ir)_ _iT('i‘T)_l

The vector components x(T

VI) - xT(TTI), y(TVI) - yT(TTI), Z(TVI) - zT(TTI)

and the absolute magnitude of this vector can now be calculated.
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This method for solving the transit time equations reguires only
six multiplications by the RNP matrix and only five calls to the sine
and cosine subroutines. A more straightforward approach would have
resulted in 12 RNP multiplications and 12 calls to the sine and cosine
subroutines.

Despite the fact that only a single iteration is used to obtain

TVI and TTI’ the accuracy of the solutions is more than adequate. Based

on a maximum vehicle velocity of 10% fps with respect to the earth, the
maximum error in TV is 2+10 7 seconds. The maximum error in calculating

I
BV(TVI) - B. (T ) is 0.002 ft. The maximum error in calculating T__ is

;SE 0 TI
about 0.4+1077 second.
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13.0 SUPERVISORY LOGIC

The overall block diagram of the program is shown in figure 5.
The program has four main areas of specialties. Blocks 1 and 2 are
first-time-only blocks, used to initialize various constants and
variables. Some of these quantities are reset in the restart block
in the event that restart conditions occur. locks 3 through 6 are
concerned with the dynamics. Blocks T through 14 process the measure-
ments. Blocks 15 and 16 integrate the current best estimates of position

and velocity ahead, or back, to a desired time, T The output position

D
and velocity in block 16 will be in MNBY selenocentric coordinates with
units of earth radii and earth radii per hour. The time tag will be

in hours from midnight of the launch day.

The subroutine TRAJ, mentioned in the overall block diagram,
integrates the first six elements of the state vector over the interval
AT seconds, updates time, and integrdtes the moon's position and velocity
over the interval AT seconds. Subroutine TRAJ has its maximum integration
step size limited to ATMAY' This is to prevent an excessive truncation

error in the state estimate if an unusually large AT is called for. A
block diagram that illustrates how AT is limited is shown in figure 6.

New variables used in the block diagram are defined below.
T, = filter time tag of the state vector

T =  real (current) ground time, hours from midnight
RL
of launch day

TVl = time at which a signal would have to leave the
spacecraft in order to arrive at the first ground
tracking station at time TO’ the observation time

+ = T _+ t 2/36 000 hour.
(TF Pll9)R Tp P119 rounded to the nearest 2/3 oux

(nearest 2/10 second) or nearest 4/36 000 hour,
depending upon whether data is processed
every 0.2 second or every 0.4 second

P = i -

119 approximate value of TO TVl

(Pll9 is an input constant)

TO = observation time

TL = constant lag time between observations and T

RL
ATO = fime interval between observations
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integration step size for the filter
integration step size used in TRAJ
maximum allowable value of AT
desired time of output state vector

last cycle's value of TD
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< AT l
frart Load time, position, i + |at| MAX - I
and velocity into
their input cells. | |
> BTy |
| Na1| |
o |
| |
| [¥=21 laT | /8Ty, . l
AT = AT/N ,|
| (~ 1s |ar|/aty,, rounded
MAX I
| to the next higher integer.)
l L=1 l
|
|
| Integrate time, '
position, and velocity 4N
| AT seconds. L L =L+l
- N |
| Out
I—-— - — Subroutine TRAJ — — —— o= —— — — — —— —— -—I

Figure 6.~ Logic for controlling integration step size
in subroutine TRAJ.
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14.0 DETAILED PROGRAMING INSTRUCTIONS

The previous sections of this report have outlined the engineering
equations and logic and were intended only to supply general background
information. The following sections present the actual detailed
programing requirements.

Ordinarily, a 2l-state variable filter for use in real-time is indeed
a formidable proposition since, for example, it would be nearly 13 times
slower in execution time than a 9-state variable filter.

To make the 2l-state variable filter practical for use in real
time, the formulation of the engineering equations has been done by
considering the number of numerical operations performed by the
digital computer.

The detailed programing instructions will be presented in notation
similar to FORTRAN. Namely, D¢ loops will be used, not because of
any expertise in programing, but because they offer the engineer an
elegantly simple way to write large groups of equations. Also, the
notation used will be understandable by the engineer; while, at the
same time, it will be directly translatable into FORTRAN or machine
language by the programer. Presentation of the programing instructions
in this clearly understandable form makes it possible for the computer
program to be implemented quickly with the least possible chance of
error.

Variables used within the program may be categorized broadly into
three types

1. Fixed point variables, used primarily as logic flags

2. Double-precision, floating-point, permanent-storage variables,
used wherever quantities must be saved from one cycle to the next

3. Double-precision, floating-point, temporary-storage variables,
used for quantities that need not be saved from one cycle to the next

The next three subsections will discuss these three types of variables
in more detail. The definitions of these variables serve as a bridge
between the engineering notation and the computer program notation.

1L4.1 The Fixed-Point Variables

There will be 48 fixed-point variables
F(L) L=1,2, ..., 48
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The first 35 of these variables will be defined here. The last 13 will
be for future program use if the need should arise.

F(L) L=1,14

F(L) = 0, do not reset IL’ TOIL’ and €w3L
F(L) = 1, reset IL and TbIL (caused by bad data)
F(L) = -1, reset IL’ OIL’ and em3L (caused by station location change)

F(L+4) L =1, 4
F(L+4)
F(L+4)

H

0, current data bad or missing for station L

fl

1, current data good for station L
FL+8) L=1, 4

F(L+8) = last value of F(L+4)
(Note: it may be desirable to display F(L+8).)

ML+12) L=1, 4

F(L+12) = O for 3-way data from station L

F(L+12) = 1 for 2-way data from station L

P(L+16) L=1, 4 and F(21)

F(L+16) is the station L identification number; F(21) is the
transmitter identification number

F(L+21) L=1, 5

F(L+21) = the last value of F(L+16)

FSZl)
F(31) = O for no good tracking data

F(31) = 1 if there is good tracking data
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F§322
F(32)
F(32)

Q for descent

1 for ascent from surface of the moon

F(33)

F(33) is the previous value of F(31)

R(3h)

F(34) = 0 for free-flight before powered descent
F(34) = 1 otherwise

F(35)

F(35) = 0 under normal program operating conditions
F(35) = 1 under program restart conditions

14,2 Permanent Storage Variables

The following variables are double-precision, floating-point
variables whose values must be preserved from one cycle to the next.

x(1) I=1, 21

X(I) is the state vector, the elements of which were described in

section L

YY(1) I1=1,14

The actual measurement vector, N;i, described in section 8

JX(1, J) I=1,21 J=1, 21

J(I, J) is the symmetric, state error-covariance matrix defined in
section 3; J(I, J) I =1, 13 J = 1k, 21 is not used by



B(I)
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the program. To avoid conflict with the integer
J, the J(I, J) matrix will be designated as JX(I, J) in
the program.

I=l) 1&)

P(1)

consists of input constants and program generated constants.
The first 126 P's are defined below. The remaining 54 P's
are reserved for future use by the program. If storage is
a problem, the first 104 P's may be equivalenced to
JX(I, J) I=1,13 J=14 21.

P(1) P(2) P(3) = the RNP matrix. (RNP)T is used to
convert station location to MNBY

P(4) P(5) P(6) coordinates.

P(10)
1)
P(12)
P(13)

P(14)
P(15)

K(16)

P(17)

P(18)

P(19)

M7 H8) P9)

—d

= expl- |ATO | /'er]

= expl- oz, |/T )
= eth'lATol/Ten]
= exp["A'ro'/Texl

= expl-|ar, |/ ]

= T

'Y time tag of state vector in the filter

= AT

P’ filter integration step size

= ATMAX’ the maximum AT used by TRAJ

= T

0’ current observation time

= AT

0’ time interval between usable observations
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P(20) = T, constant time lag between real time and T

o
P(21) = T, desired time of output state vector
P(22) = T,y the last value of T

P(23) = time tag for output from program

P2h) = x e A
P(ZS) = yV /M
IM position and velocity output
P(26) = 2y ™ from the program, with time tag
L of P(23), and in MNBY selenocentric

27) = )'(v " coordinates
P(28) = &v /M
K29) = z

Mo
P(L+29) = longitude (+ east) of station L, L = 1, k
P(34) = 1longitude of transmitter

P(L+34) = Rpp, cos @'y + H cos q = -\/(xs';L)z + (yéL)z » L=1,14

P(39) = Ry cos ¢' + H cos @ for transmitter

P(L+39) = Ry sino'y +H sinq = zéL’ L=1, k4

P(Lh) = R, sin ¢' + H sin ¢ for transmitter

P(45) = maximum alloweble value of b + € 3L before station L's
data is deleted by the filter

’ 2

P(hé) = cw3

P(47) = 033 for a 2-way station

for a 3-way station

P(L+T) = 033 for station L, L = 1, L




P(L+51) = b, the a priori estimate of the station L "rate bias"

P(L+55)

P(60)
P(61)
P(62)
P(63)
P(64)
P(65)

P(66)
P(67)
P(68)

P(69)

F(70)
KT)
P(72)
P(73)
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error, L = 1, 4

= value for last cycle of N;L =YY(L), L =1, 4
= w/E )
= Yw/E
= 2y position and velocity of the moon

with respect to the earth in

= xM /& ’ geocentric, MNBY coordinates
= YvE
G 'Y J
= Hp earth's gravitational constant
= My moon's gravitational constant
= +

Mg 7 My

= g in gIM/M

= Wpy nominal value of ;P
= W nominal value of ;Y

= M'N(M'N < 0), nominal value of M

1

IN’ nominal value of specific impulse

) KT H(80)] c, ¢
P75) KM K&l = [C Cg
p76) BT P(82) ¢ %




P(83) = 1 - [exp(-laz,l/r p) 7
P(84) = 1 - [exp(-|aTy|/r )2
H85) = 1 - [exp(-|az,l/r )2
P(86) = 1 - [exp(-|ar,|/r, )2°

BBT) = 1« lexp(-latyl/r, )7

2
P88) = ¢ WP
2
P(89) = OU)Y
2
P(90) = oy
2
P(9l) - ceI
P(92) = cig ATO2 , velocity variance due to random gravitational
acceleration
v
P(93) = 2 < tr , & measurement data constant
P(9L4) = W, biasing frequency for all stations
P(95) = ¢, the speed of light
P(96) = Wparty 80GULAT velocity of the earth
P(L+96) = Topr, for station L, L =1, i
P(101) = 0‘2' , variance of measurement noise
P(102) = dinitial value of J(I, I) I = 1, 3 for descent
P(103) = dinitial value of J(I, I) I = k4, 6 for descent



P(104)
P(105)

il

P(106)
P(107)
P(108)
P(109)

fl

i}

P(L+109)

P(11L) =
H15) =

P(116)

K117)
P(118)

"

P(119)

P(120) =

H

P(121)

P(122)

it

initial value

initial value

initial value

initial value

initial value

initial value

of J(I,

of J(I,

of J(I,
of J(I,
of J(I,

of J(1,

I)

7, 8 for descent-

= 9 for descent

1

l, 3 for ascent

"

4, 6 for ascent

7, 8 for ascent

9 for ascent

= AYYP(L) L =1, 4, the past value of AYY(L)

A vrw

8y Max?

Aomax’

the minimum allowable value of AYY(L)

the maximum allowable value of AYY(L)

the maximum allowable value of |AYY(L)-AYY.(L)|

initial value of mass for descent

initial value of mass for ascent

approximate value of the transit time of electromagnetic

vaves from the spacecraft to the receiving station

motor on time, in hours from midnight of launch day,

for descent; motor on time should be at the start of

ullage

initial value of ﬁN for ascent

powered flight value of

is available

02'
eM

, used when tracking data
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P(123) = powered flight value of Oﬁﬁ’ used when no tracking data is
available
P(124) = time interval for processing free flight tracking data prior
to powered descent initiation
P(125) = time offset to engine-on-time for the ascent phase
P(126) = time offset to engine-on-time for the descent phase

14.3 Temporary Storage Variables

All temporary storage variables are double precision. The sizes
of the various matrices and vectors are shown here.

M(k, 21) D(21, 4) H(L, &) B(21, 4)

A(13, 13) Y(4) E(169)

To save storage, the vector E(I) should be equivalenced to the 169 ele-
ments of A(I, J). Also, the matrix D(I, J) should be equivalenced

to the first 84 elements of A(I, J), and B(I, J) should be equivalenced
to the next 84 elements of A(I, J). However, note that the operation
of the program is not dependent upon the equivalence of the above
variables. The equivalencing is only a storage saving feature.

The total storage required by the variables mentioned in this
section, and the preceding two sections, is 1782 words of core
storage. Note that a single precision version of this program
(practical only on a CDC machine) requires only 915 words of core
storage.

14.4 The Subroutine TRANST Programing Instructions

In section 12, the engineering egquations for the subroutine TRANST
were discussed. The engineering equations are "linked" to the
programing instructions by the definitions of the E cells shown here.
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E(1) = Wearth X T,

For L=1,2, 3, 4

B(LH1) = x4 (T) E(L+5) = yg(Ty)

B(L¥9) = xg(Tg) E(LH13) = ygq(Ty) E(L+17) = 24 (Ty)
E(L+21) = Ty

B(L+25) = x(Typ) E(L+29) = y(Ty) E(L+33) = z(Ty,)
E(L+37) = x(Ty) - xg (Ty)

E(LH#1) = ¥(Ty) - yg (Tp)

E(L+45) = a(Ty) - 25 (Tp)

E(L+h9) = [Ry/p(Ty) - B (To)l

B(s) = T, B(55) = B(34) + g x Ty

B(s6) = xp(Tp)  E(ST) = yp(Tp)

B(58) = &y(Tp) B(59) = ¥'plTy)

B(60) = x,{T;) B(61) = yp(Tp) B(62) = z(Ty)
B(63) = (%) E(64) = p(Tp) B(65) = #(Ty)

For L=1, 2, 3 &

E(L+65) = T
E(L+69) = x(Ty) - xp(Tgp)

B(L+73) = ¥(Ty) - ¥p(Tp)

E(L+77) = 2(Typ) = zp(Tyy)
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E(L+81)
E(L+85)

By /p(Tyr) - Byl |

Ty, = T

E(L+89) = T -iT

The detailed programing instructions are as follows
E(1) = P(96)=P(18)
DFa L=1, 4

E(L+1) = P(L+34)#*Dcgs(P(L+29) + E(1))
E(L+5) = P(L+34)#DSIN(P(L+29) + E(1))
E(L+9) = P(1)#E(L+L) + P(L4)#E(L+5) + P(7)*P(L+39)
E(L+13) = P(2)#E(L+1) + P(5)*E(L+5) + P(8)*P(L+39)
E(L+17) = P(3)#*E(L+Ll) + P(6)*E(L+5) + P(9)#*P(L+39)
E(L+21) = P(18) - (DSQRT((X(1) - E(L+9))#x2
+ (x(2) - E(L413))ex2 + (X(3) - E(L+17))**2))/P(95)
E(L+85) = E(L+21) - P(15)
E(L+25) = X(1) + E(L+85)#x(k)
E(L+29) = X(2) + E(L+35)#x(5)
E(L+33) = X(3) + E(L+35)#x(6)
E(L+37) = E(L+25) - E(L®))
E(L+41) = E(L+29) - E(L+13)
E(L+5) = E(L+33) - E(L+17)
a  E(L+:9) = DSQRT(E(L+37)%x2 + E(LH41)#x2 + B(L+45)%*2)
E(54) = E(22) - P(18) + E(22)

|t}

E(55) P(34) + P(96)*E(5k)
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E(56) = P(39)#DCES(E(55))

E(57) = P(39)*DSIN(E(55))

E(58) = -P(96)#E(5T7)

E(59) = P(96)#E(56)

Do I=1,3

E(I+59) = P(I)#E(56) + P(I+3)*E(57) + P(I+6)*P(L4k)
b E(I+62) = P(I)%E(58) + P(I+3)*E(59)

DFc L=1,14

E(L+65) = E(L+21) - (DSQRT((E(L+25) - E(60))**2

+ (E(L+29) - E(61))#x2 + (E(L+33) - E(62))#*2))/P(95)
E(L+89) = E(L+65) - E(54)
E(60) - E(L+89)*E(63)
E(61) - E(L+89)*E(64)
E(62) - E(L+89)#E(65)

E(L+69) = E(L425)

E(L+73) = E(L+29)

E(L+77) = E(L+33)

c E(L+81) = DSQRT(E(L+69)#*2 + E(L+73)#x%2 + E(L+77)%*2)
Note that X(I), P(I), and E(I) should be in common.

14.5 The Subroutine TRAJ Programing Instructions

This subroutine will integrate the first six elements of the state
vector, and the position and velocity of the moon over the interval
AT seconds according to the equations outlined in section 5. The
maximum step size is controlled by the logic shown in figure 6. At
the present time, it is not anticipated that this option will ever be
exercised. It is included only as a safety precaution to avoid an
overly large integration step. This option is designed primarily
for free-flight integration. If the option is exercised in powered
flight, TRAJ assumes that wp’ wY and M are constant over the total

int.egration step.




69

As shown here, the definitions of the E cells link the engineering
equations to the programing instructions.

E(1)

E(2)

E(5)

E(8)

E(11)

E(1k4)

E(17)

E(20)

E(22)

E(24)

E(26)
E(28)
E(31)
E(3L4)
E(37)

E(40)

1l

i

time of the state estimate

xM/E
iM/E

X = XM/E

(nPN + euP

sin VP

cos *P

sin wY sin wP

cos vY sin ¢P

|Bv/E
AT

|5M/E

£
M

|2

|2

E(3) =y
E(6) = ¥
E(9) = yM/E

E(12) = &M/E
E(15) =Y - yM/E

E(18) = mYN + emY

E(21) = sin ¥y

E(23) = cos ¥y

E(25) = sin ¥y cos o

E(27) = cos ¥y cos ¥p

B(29) = |Ry /gl

E(32) = AT2/2

B(35) = |By /gl

E(38) = ﬁ (Iy*er)

|§V/E'BM/EI2 B(41) = |Ry /gRy/gl

E(4) = z
E(7) = 2

E(lO) = ZM/E

E(13) = iM/E
E(l6) = Z = ZM/E

E(19) = ﬁN + e

B(30) = /IRy ]

E(33) = aT3/6

E(36) = MM/|BM/E|3

E(39) = & (My+ep)

B(42) = wy/ |By p-Ry/m



E(43)

E(46)

E(49)

E(52)

E(54)

E(55) =

E(58)

E(60)

E(63)

E(66)

E(69)

E(T1)

E(74)

1

_ X - Z

c, E(L7) = Cy E(48) = C,
“M/E _ M/E _ m/E
Efﬂ E(50) R E(51) R

iy MM Mg
R rwew Rl ek
By /e Ry/eBu/ml” 1By

"My L
‘&I/E-BM/EP |*—7‘141/5113
T e A 1) _ P
Bt 0 BByl 0T TR Ry

B (Tyrep) (rey)

%
ax

X
Xy /g

%
BQP
Beﬂ
al“
ox

a..
Xy /R

E(61) = g—’;-
E(64) = S%E
R(67) - -g%
®(70) = §
) - &
E(75) = ﬁ'—/;

E(62) = -g-.’zé
E(65) = 52.:1/}:
B(e8) - &




. i

E(7T7) =

E(80) =

E(82) =

E(85) = =

E(88) =

E(91) =

E(93) =
E(96) =

E(99) =

E(100)

E(101)

E(102) =

E(104) =

71
& =
= £(78) g;
%leLM- B(81) - gle!;
& B(83) = 5
% B(86) =
Xy /k Vu/E
- s
B—:P E(89) = Sty
% 5
g—eﬁ E(92) = o
¥ E(9k) = ¥
X E(97) =¥
N
3 HM X = Xv/E
I8y /e Buyel” 1By /m Ryl
3 MM Y = IM/E
1By /e Bl 1By e Bye!
3 . 3 2 E(103) =
|B_V/E| |_R.V/El
3 M 3 “M/e E(105)
By/el” IRyl

B(7M) = &
-
E(84) = S:-
3%
87) =
5
E(90) = 5
E(95) = Z
E(98) = Z
Y
lEV/El
YM/E
3 3
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The detailed programing instructions are shown here. Note that
x(1), P(I), and E(I) should be in common.

E(20) = DSIN(X(T7))

E(21) = DSIN(X(8))

E(22) = DOgs(x(7))

E(23) = Dcgs(x(8))

E(24) = E(21)*E(20)
E(25) = E(21)*E(22)
E(26) = E(23)*E(20)
E(27) = E(23)*E(22)

1F |E(31)| > P(17) 68 ¥ a
N = 1

of T¢ b

a N=1.D0 + (paBs(E(31)))/P(17)

E(99) = N
E(31) = E(31)/E(99)
b Dn L=1,N

E(1) = E(1) + E(31)

Dgc I=1,3
E(I+13) = E(I+l) - E(I+7)
c  E(IH6) = P(I+69) + X(I+9)
Dgd I=1,13, 6
E(1+27) = E(I+1)#x2 + E(I+2)#%2 + E(I+3)#x2




P(J+T73)%E(26) + P(J+T76)*E(27) + P(J+79)x*E(21)

73
E(I+28) = DSQRT(E(I+27))
E(32) = E(31)%*2/2.D0

E(33) = E(32)#E(31)/3.D0
E(30) = (P(66)/E(28))/E(29)
E(36) = (P(67)/E(34))/E(35)
E(4k2) = (P(67)/E(40))/E(L1)
E(37) = P(69)/x(9)

E(38) = E(37)*(P(73) + x(13))
E(39) = E(37)*E(19)

Dge J=1, 3

E(J+45) =

Dge I=1,13,6

K = I+

E(K+11) = E(K)/E(1+28)
E(52) = (P(68)/E(34))/E(35)
E(53) = E(k2) + E(30)

E(54) = -E(42) + E(36)

E(58) = E(38)*E(19)

E(59) = E(58)/x(9)

Dgr I=1,2

E(I499) = 3. DOxE(L42)*E(I+54)
E(I+101) = 3. DO#E(30)*E(I+:2)
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E(I+103) = 3. DO*E(36)*E(I+:8)

g I=1,3

E(I+59) = E(100)*E(I+54) + E(102)#*E(I+42)
E(1+62) = -E(100)*E(I+54) -E(104)*E(I+H:8)
Dgh I=1,2

E(I+71) = E(101L)*E(I+55) + E(103)*E(I+:3)
E(I+74) = -E(101)#E(I+55) -E(105)*E(I+49)
E(71) = E(61)

E(74) = E(64)

pgi I=1, 2

J = 57+ 3%

E(J) = E(J) - E(1+52)

E(JH12) = E(JH2) - E(I+52)
E(J+22) = E(J+2)

E(J+23) = E(J+13)

E(J+24) = -E(J) - E(J+12)
pgj I=1,3

J = 55+ 11%1

E(J) = E(58)%(-P(I+73)#E(27) + P(I+76)*E(26))
E(J+1) = E(58)x(P(I+73)xE(24) + P(I+76)E(25) -P(I+79)xE(23))

E(J+2)

E(I+45)%E(59)

E(J+3) -E(I+45)*E(38)
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3 E(JH) = -E(I+:5)xE(39)

Dk I=1, 3
d = 49 + 11T

E(1+92)
E(I+95)

-E(42)#E(I+13) -E(30)#E(I+1) -E(36)*E(I+7) -E(I+:5)*E(58)

E(J)*E(5) + E(J+1)#E(6) + E(J+2)*E(7) + E(J+3)*E(11)
+ E(J+4)#E(12) + E(J+5)#E(13) + E(J+6)*E(17)
+ E(J+7)*E(18) + E(J+8)*E(19)

k  E(IH]) = E(I+) + E(I+)#E(31) + E(I+92)#E(32) + E(I+95)*E(33)

Dgm I=1, 3

E(I+10) = E(I+10) -E(52)%E(I+T7)*E(31)

E(I+7) = E(I+7)%(1.D0 + E(52)%E(32)) + E(I+10)*E(31)
m  E(I+) = E(I+) + E(I+92)#E(31) + E(I+495)#E(32)
n  C@NTINUE

14.6 Programing Instructions for Blocks 1 and 2

Blocks 1 and 2 are the first two blocks in the overall block
diagram shown in figure 5. The programing instructions for these
two blocks are shown here. Based on results from future simulation
studies, the equations in block 1 may have to be slightly modified.
The logic for block 1 is included in flow chart 1 of the appendix.

comment BEGIN BLOCK 1
7ero F(I), X(I), Yy(1), Jx(I, J), P(I), Y(I)

Input the nonzero P(I) input constants. (If all P(I),
including zero values, are read in, then omit zeroing

P(I) above.)

Set descent (F(32) = 0), ascent (F(32) = 1) flag.
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Read in the RNP matrix as shown below:

1) P(2) P(3)
R4)  B(5)  P(6)
P7) P8) P9)

RNP

Obtain time of powered flight initiation from Mission Plan
Table (MPT) and store in T(100)

comment  INITTATIZE FOR DEGCENT OR ASCENT

TF (F(32) £ 0) GO TO yy
P(15) = P(120) - p(124)
IF((TRL - P(20)). LT. P(15)) GO TO xx

IF ( - P(20)). TLT. P(120)) GO TO ww

(TRL
P(1) = P(120)

P(18) = (1, - P(20)).*

STORE MPT IM MCI VECTOR IN P(I), I = 60, €5

GO TO zz
WW r(15) = Ter, P(20)
c P(18) = (P(1) + P(119)),

aThis step, though easily done, is very critical. If not done
properly, the filter may get out of "sync" with the observation times
and fail to take in any measurements. Note, also, that it is assumed
that measurements are available exactly on the second mark. For
example, S5-measurements-per-second data cannot be processed with time
tags of 0.9, 1.1, 1.3, 1.5, 1.7, 1.9, 2.1, ... seconds.
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CALL AEG. INTEGRATE MPT IM MCI VECTOR TO P(15).
STORE IN P(I), I = 60, 65.

GO TO zz
P(15) = P(120) - P(125)

COMPUTE MCT STATE VECTOR OF LAUNCH SITE. (See flow chart 1

in appendix.)

CALL ELVCNV. CONVERT MCT VECTOR TO MCI AND STORE MCI VECTOR
IN P(I), I = 60, 65.

OBTAIN CSM MCI STATE VECTOR AT P(15) FROM VEHICLE EPHEMERIS.
STORE IN P(I), T = 74, 79.

CALL ELVCNV. CONVERT LM MCI VECTOR TO ECI. STORE ECI VECTOR
IN x(1), I =1, 6.

IF F(32) # 0 GO T@ b

DFa I=1,3

E(I) = PI+5%9)

E(I+3) = -P(I+62)

Jx(1, 1) = P(102)

JX(I+3, I+3) = P(103)

JX(7, ) = P(104)
Jx(8, 8) = P(104)
Jx(9, 9) = P(105)
x(9) = P117)
of ¢ d



comment

78

D¢ ¢ I=1,3
E(I) = P(I+73)

E(I+3) = P(I+76)

Jx(1, I) = P(106)
JX(1+3, I+43) = P(107)
317, 7) = P108)
Jx(8, 8) = P(108)
Jx(9, 9) = P(109)
Jx(12, 12) = ©P(123)
P(90) = P(123)
P(72) = P(121)
F(34) = 1

x(7) = 1.5625 DO
x(9) = P(118)
Jx(10, 10) = P(88)
Jx(1, 11) = P(89)
Jx(13, 13) = P(91)

CALCULATE C MATRIX

E(7) = DSQRT(P(60)»x2 + P(61)#%2 + P(62)#*2)
Dge I=1,3 |

PI+73) = P(I+59)/E(T)

E(8) = E(2)#E(6) -E(3)#E(5)

E(9) = E(3)xE(4) -E(1)#E(6)
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E(10) = E(1)*E(5) -E(2)*E(L)

K77) = E(9)*P(76) -E(10)*P(75)

P(78) = E(10)*P(74) -E(8)*P(76)

K7) = E(8)*P(75) -E(9)»P(7h)

E(11) = DSQRT(P(77)**2 + P(T8)#%2 + P(79)**2)

w f I = 77: 79
£ P(I) = P(1)/E(11)
P(80)

P(75)%P(79) -P(76)*P(T8)

P(81) = P(76)*P(77) -P(7h)*P(T9)
P(82) = p(7u)*P('f8) -P(75)*P( 77)
Mg I=1,6

g P(I+59) = X(I) -P(I+59)

comment BEGIN BLOCK 2
CALL TRANST

P(16) = E(86)

14.7 Programing Instructions for Blocks 3, L, 5, and 6

These blocks constitute the dynamics portion of the program.
Based on results from future simulation studies, the equations in
block 3 may have to be slightly modified. The logic for a restart
procedure and the logic for block 3 are included in flow charts 2 and
3 respectively of the appendix.

Just before the instruction "IF P(18) + P(20) > current time
WAIT" is the ideal time to interrupt this program to perform other
shared operations with the computer. This instruction forces the
program to be synchronized with real time. Because the program cycle
will execute "faster'" than real time, there always will be a pause
at this instruction to allow real time to catch up.




comment

comment

as

aaq,

comment

ab

comment

80

C@NTINUE

IF (p(18) + P(20)) > TaL, (current time in hours) WAIT
BEGIN BLOCK 3

IF (F(35) # 0) GP T¢ aaa

IF F(34) # 0 Gf T¢ ab

IF P(15) < P(120) GP T¥ ag

INITIALIZE THRUST ANGLE FgR DESCENT

Df sa I =1, 3

E(I) = P(I+62) - X(I+3)

F(35) =0

E(4) = P(74)xE(1) + P(75)%E(2) + P(T76)#E(3)
E(5) = P(77)*E(1) + P(78)*E(2) + P(79)#*E(3)
E(6) = P(80)*E(1) + P(81)*E(2) + P(82)%*E(3)
E(7) = DSQRT(E(4)#x2 + E(5)wx2)

X(7) = DATAN2(E(4), E(5))

X(8) = DATAN2(E(6), E(T7))

Jx(12, 12) = P(123)

P(90) = "P(123)
F(34)

SET DATA DR@PPUT FLAG

|

1

F(31) = 1
IF (F(9) + F(10) + F(11) + F(12) = 0) SET F(31) = O
SET MASS FL@W RATE VARIANCE

IF (F(31) - F(33)) ac, af, ad




ac

ad

ae

comment

af

ag

comment

comment

K90) = P(123)
Gf T¢ ae

JX(12, 12) = P(122)
P(90)
F(33)

P(122)

F(31)

SET NMINAL VALUE OF MD@T T¢ BEST ESTIMATE @F MD@T

P(72) = P(72) + X(12)
X(12) = o. DO
CYNTINUE

BEGIN BLOCK 4

E(31) = P(16)

E(1) = P(15)

g I1-=1,6

E(I+1) = X(I)

E(I+7) = P(I+59)

CALL TRAJ
P(15) = E(1)
Dgec I=1,6

X(1) = E(I+1)

KI+59) = E(I+7)

SET AT

IFF(34) = 0 cf ¥ a




comment

h

comment
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M(k, 1) = P(16)
6f ¥ e

M(4, 1) = 0. DO
gt I=17,9

X(I) = X(I) + E(I+10)mM(k, 1)
Dgg I=10, 13

X(I) = X(1)»p(I)

X(IH) = X(I+)#P(1l)

BEGIN BLOCK 5

Dgh J=1, 3

K = 48+ 1w

Dgn I=1,3

K = K#

M(J, I) = E(K)#F(16)

M(J, I+6) = E(K+6)#P(16)
M(J, I+11) = E(K+49)*P(16)
BEGIN BLOCK 6

Dgk I=1, 13

g1 J=1, 3

AT, J) = JX(I, J) + JX(I, J+3)*P(16)

AL, J+3) = IX(I, 1)sM(J, 1) + IX(I, 2)=M(J, 2)
+ JX(1, 3)m(J,3) + IX(I, T)M(J, 7)
+ JX(1, 8)«M(J,8) + JX(I, 9)*M(J, 9)
+ JX(1, 12)aM(J, 12) + JX(I, 13)«M(J, 13)
+ Jx(1, J+3)
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sy JI=1,9

AL, J) = IX(1, J) +Jx(1, J+3)aM(k,1)

Dk J=10, 13

NI, J) = JX(I, J)»P(J)

n I=1,3

Dgm J=1I,13

JX(I, J) = A(I, J) + A(I+3, J)*P(16)

L = I+3

Dgn J=1L, 13

JX(L, J) = M(I, 1)#a(1, J) + M(I, 2)=a(2, J) + M(I,3)xA(3, J)
+ M(I, 7)*A(7, J) + M(T, 8)*A(8, J) + M(I, 9)*a(9, J)
+ M(I, 12)#a(12, J) + M(I, 13)*A(13, J) + A(L, J)

Do I=1T9

o J=1I,13

JX(I, J) = A(I, J) + A(T+3, J)=M(L, 1)

Dgp 1I=10, 13

Mp J=1,13

JX(I, J) = P(I)»A(I, J)

g I-=2, 13

L = I-1

Dgq J=1,L

Jx(1, J) = Jx(J, I)

Dgr J=1, 13

ppr I=1,4

A1, J)

P(14)#JX(1413, J)




comment

8L

NI+, J) = JX(1I47, J)
Dgu I
s J=1,3

JX(1413, J) = A(I, J) + A(I, J+3)*P(16)

1, 8

JX(1+413, J43) = A(I, 1)sM(J, 1) + A1, 2)=M(J, 2)
+ AT, 3)M(J, 3) + AL, T)sM(J, T)
+ A(T, 8)=M(J, 8) + A(T, 9)mM(J, 9)
+ AT, 12)«M(J, 12) + A(T, 13)«M(J, 13)
+ A(I, J+3)
gt J=17,9

JX(1+13, J)

AT, J) + A(T, J+3)xM(k, 1)
Ddu J=10, 13

A(I, J)#P(J)

E(1) = P(1h)#e2

Dgv I=14, 17

JX(1+13, J)

gv J=1,17

JX(I, J) = EB(1)wIX(I, J)
J%(J, 1) = JX(1, J)

Dgw I=18, 21

Dgw J=1k, 17

JX(I, J) = P(14)wIX(I, J)
JX(J, 1) = JX(I, J)

ADD R

Dgx I=24, 6
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x JX(1, I) = JX(I, I) +P(92)
Dgy 1I-=10, 13
JX(I, I) = JX(I, I) + P(I+73)*P(I+78)
y TX(I+H:, T+k) = JX(I+s, T+s) + P(87)#P(I+38)

14,8 Programing Instructions for Blocks T through 1k
The check on |F(1)| + |[F(2)] + |F(3)| + |F(4)]|, shown functionally

between blocks 9 and 10 in the overall block diagram, is made by
equivalent checks at the beginning of block 10.

comment BEGIN BLOCK 7

D¢S L=l))"'

IF there is a gooda'cycle count for the Lth station in the
interval P(18) -1.D-5 to P(18) + 1.D-5 hours Gf T¢ a

P(L+109) = 0.DO
M= M+l

F(L+) = 0
ML) = o

Gf ¢ £

&The word good means that the tracking station has attached a
good label to the data.
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a Store count in YY(L)

Set F(L+12) 0 for 3-way Doppler.”

Set F(L+12) 1 for 2-way Doppler.’
Load station ID number into F(L+16).P

Load by, a priori "rate bias" in cycles/hour, into P(L+51).

E(9%) = YY(L) -P(L+55)

IF (E(9%) s P(114)) 6f T¢ b

IF (E(94) 2 P(115)) G ¥ b

IF (DABS(E(94) -P(L+109))) 2 P(116) G ¥ b

F(L¥&) = 1
6f ¥ c
F(LH) = O

P(L+109) = E(94)
IF (F(L+) -F(L+8)) >0 G¢ T4 4

F(L) = O
of ¥ e
d ML) = 1
e IF F(L¥16) = F(L+21l) G ¥ £

t
The information concerning the flag, F(L + 12), and the station
T number, F(L + 16), is contained in the tracking station input word.
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Load geodetic longitude of station F(L+16) into P(L+29).2
Load Ry cos o' + H cos ¢ for station F(L+16) into P(L+34).%

Load R, sin ¢' + H sin ¢ for station F(L+16) into P(L+39).%

ML) = -1
P(L+55) = YY(L)
F(L+8) = F(L+4)

IFM=L4gY T¢ 1

Load transmitter ID into F(21).
IF F(21) = F(26) Gof ¥ i

*
Load geodetic longitude of station F(21) into P(34).
*
Load R; cos ¢' + H cos ¢ for station F(21) into P(39).
*
Load Ry sin ¢' + H sin ¢ for station F(21) into P(L4L).

DFh I=1, L4

F(I) = -1
i I=1,5
F(I+21) = F(I+16)

comment BEGIN BLOCK 8

CALL TRANST
P(16) = E(86) + P(19)

aThese quantities may be loaded directly from the station

‘ characteristics table.



comment

coment

BEGIN BLOCK 9

DFo L=
IF F(L+4)

K = L+33
M(L, L+13)
M(L, L+17)
Dk J-=
K = K+

M(L, J)

M(L, J+3)
of ™ o
D¢n I-=

ML, I)

M(L, L+13)
M(L, L+17)

CONTINUE

1, b

= 0 WT¥m

P(18) -P(L+96)

-lom

1, 3

P(93)#(E(K)/E(L+49) + E(K+32)/E(L+81))
= E(L+85)#M(L, J)

= Ocm

= O.m

BEGIN BLOCK 10

Dgv L=
IF (F(L))
v(L+17)
P(L+96)
Dgp J-=

JX(L+17, J)

Maq J-=

i, 4

=0 @NWv

P93+ F(L+49) + E(L+81)) -1¥(L)
P(18)
1, 21

= 0. DO

14, 21
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JX(J, L+17) = 0. DO
IF (F(L)) >0 G ¥ v
IF (F(L+12)) = 0 Gf 1¢ r

P(L+4T) = P(L47)
Gf ¢ s

P(L+47) = P(46)
Xx(L#13) = 0. DO

gt J=1, 21
JX(L+13, J) = 0. DO

Dgu J=14, 21

JX(J, L+13) = 0. DO
JX(L+13, L+13) = P(LH7)
C@NTINUE

gz L=1,14

IF (F(L)) = 0 Gf T¥ =
gw J=1, 21

JX(L+H17, J) = M(L, 1)#JX(J, 1) + M(L, 2)*Jx(J, 2)
+ M(L, 3)%#3%X(J, 3) + M(L, 4)=IX(J, 4)
+ M(L, 5)*JX(J, 5) + M(L, 6)=X(J, 6)

D x J=14, 21

JX(J, L+17) = JX(L+a7, J)



comment

aa

comment

comment

ab

ac

comment
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JX(L+17, L+17) = JX(LH17, L+17) + P(101)
M(L, L+13) = 0. DO

M(L, L+17) = 0. DO

gy J=1, 6

M(L, J) = 0. DO

CYNTINUE

BEGIN BLOCK 11
Dfaa L=1,L4

Y(L) = YY(L) -P(93)*(E(L+49) + E(L+81)) -(P(94) + P(L+51)
+ X(L+13) )#(P(18) -P(L496)) + X(L+17)

IF (F(L+4+)) = 0 SET Y(L) = 0. DO
C@NTINUE
P(18) = P(18) + F19)

M =0

BEGIN BLOCK 12
FORM D = J(M TRANSPOSE)
Dfac I=1, 21
DFac J=1, 4

D(I, J) = Jx(I, 1)»M(J, 1) + JX(1, 2)sM(J, 2) + JX(I, 3)*M(J,3)
+ JX(I, 4)mM(J, 4) + JX(I, 5)*M(J, 5) + JX(I, 6)"M(J,6)
+ JX(J+13, I)#M(J,J+13) + JX(J+L7,1)#M(J,J+LT)

FORMH = MD + W '

Df ae I =1, b

Dfad J=1,1I




ad

ae

comment

af

ag

ai

~ad
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H(I, J) = M(I, 1)»D(1, J) +M(I, 2)*D(2, J) + M(I, 3)*D(3, J)
+ M(I, 4)*p{k4, J) + M(I, 5)*D(5, J) + M(I, 6)#D(6, J)
+ M(I, I+13)#D(I+13, J) + M(I, I+17)*D(I+17, J)

B(I, I) = H(I, I) + PK101)

FORM E = H INVERSE

B(1, 1) = 1.D0/H(1, 1)

gaj J=1,3

L = JH

Dgaf I=1,J

H(I, L) = 0. DO

Dfaf K=1,J

H(I, L) = H(I, L) - B(L, K)#H(I, K)
Dfag K=1,J

B(L, L)

il

B(L, L) + BL, K)»H(K, L)

"

B(L, L) 1.D0/H(L, L)

Dgan I=1,J

B(L, 1) = H(I, L)«H(L, L)

Dfai I=1,J

Dfai K=I,J

H(I, X) = H(I, K) +H(I, L)=A(L, K)
H(K, 1) = H(I, K)

Dgaj I=1,J

B(I, L) = H(L, I)
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comment FORM B = DH
Dfak I=1, 21

D ak J=1, 4

ak B(I, J) = D(I, 1)#H(1, J) + D(I, 2)«H(2, J) + D(I, 3)=H(3, J)
+D(I, 4)eE(k, J)
IFM# 0 GJ T¢ ap

comment BEGIN BLOCK 13
Df an L =1, k4
IF (F(L¥B)) = 0 G¢ T¢ an

K = L+13

H(L, 1) DABS(P(L+51) + X(K) + B(K, 1)#Y(1) + B(K, 2)#Y(2)

+ B(K, 3)%Y(3) + B(K, 4)#Y(4))
IF (H(L, 1) < P(k5)) Gf T¢ an
F(L+8) = 0
Dfam J=1, 6

am M(L, J) = 0. DO
M(L, K) = 0. DO
M(L, L+17) = 0. DO
an C@NTINUE
Dfaoc L=1, L
IF (F(L+4) = 0) G T¢ ao

IF (H(L, 1) < P(45)) G¥ T¢ ao

Y(L) = 0. DO
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20 C@NTINUE

IF (F(5) + F(6) + F(7) + F(8) - F(9) -F(10) -F(11) -F(12)) = 0
G TO ap

M = 1
Gf ¢ ab
comment BEGIN BLOCK 1k
ap C@NTINUE
comment C@RRECT STATE VECT¢R

Df aq I=1, 21
aq X1) = X(I) + B(I, 1)*x(1) + B(I, 2)%¥(2) + B(I, 3)%¥(3)
+ B(I, 4)»Y(4)

comment C@RRECT STATE ERRFR CPVARIANCE MATRIX
D ar I =1, 13

Df ar J=1I, 13

Jx(1, J) = Jx(1, J) -B(I, 1)*D(J, 1) -B(I, 2)*p(J, 2)
-B(1, 3)*D(J, 3) -B(I, 4)%D(J, 4)
ar JX(J, 1). = Jx(1, J)

Df at I = 1k, 21

Dfas JT=1, 13
as Jx(1, J) = Jx(1, J) -B(I, 1)#p(J, 1) -B(I, 2)*D(J, 2)
-B(I, 3)#D(J, 3) -B(I, 4)*D(J, 4)
Df at J=1I, 2L
Jx(z, J) = Jx(1, J) -B(I, 1)#D(J, 1) -B(I, 2)#*D(J, 2)
-B(1,3)*D(J, 3) -B(I, ¥)*D(J, 4)
at Jx(J, 1) = Jx(1, J)
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14.9 Programing Instructions for Blocks 15 and 16

These two blocks provide the position and velocity of the IM in
selenocentric, MNBY coordinates with units of earth radii and earth
radii per hour. The time tag of these vectors is stored in P(23).
The position and velocity vectors are stored in P(I +23) I =1, 6.

The desired time, T., of the state vector is loaded into P(21)

D
anywhere in the program prior to this time. The program will generate
a state vector for this particular time each time there is a change

in the value of TD. For example, the program may be interrupted after

block 14 to load TD into P(21). Then, after block 16, the state for

this time may be read out.

0.00 GF ¥ c
P(22) Gof ¢ c

IF (P(21))

IF (P(21))
comment BEGIN BLOCK 15

E(31) = P(21) - P(15)

E(1) = P(15)
Dfa I=1,6
E(I+1) = X(I)

a E(I+7) = P(I+59)
P(22) = P(21)
CALL TRAJ

comment BEGIN BLOCK 16

P(23) = P(21)
v I=2,7
b P(1+22) = E(I) - E(I+6)

c C@NTI NUE

G¢ T¥ "continue statement preceding block 3".
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15.0 CONTROLS AND DISPLAYS

General descriptions are presented of the various controls and
displays used in the program. More detailed descriptions can be found
in reference 2.

15.1 Manual Entry Device (MED)

. a

Ascent - descent sites - The ascent-descent sites device specifies
up to four sites to be processed in the high-speed mode. This MED also
allows the controller to change any of the sites being processed and

to reinitialize the data tables for all trackers if a change in the
identity of the two-way site occurs.

15.2 Push Button Indicators

1. BStop PBI - The stop PBI allows the controller to terminate
program processing.

a

2. ©GStation edit - The group of four Station-edit PBI's determines
which sites are to be processed by the powered-flight data processor.
The ability exists to edit sites in or out of the program processing.

3. All except PBI® - The All-except PBI informs the program to
process the tracking data from all stations with the exception of the
station whose edit PBI also was entered. If the all-except PBI is
entered alone, the data of all sites is inserted for program processing.

L, PGNCS restart - The PGNCS-restart PBI enables the program
processing to restart and specifies that the two most current PGNCS
vectors be used in the restart procedure.

5, AGS restart - The AGS-restart PBI enables the program processing
to restart and specifies that the two most current AGS vectors be used in
the restart procedure.

15.3 Displays

1. IM descent/abort vector selection - The LM Qescent/aport vector
selection display provides an analog trend curve of W versus h
for PGNCS, AGS, and MSFN during the lunar descent phase or descent
abort phase., The quantity W is the magnitude of the out-of-plane
velocity vector component as computed by PGNCS, AGS, and MSFN.

*This control was previously designed for the RTCC (ref. 1) and is
currently a physical part of the RTCC control system.
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x
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SIS STV > .

Rrs X Byl /) tron

W

>
where V.,
1.

= ci T
M/1 MCI velocity vector of LM at ti

tIGN = LM engine-on-time for powered lunar descent
->

- s o . . s
RLS position vector of landing site at tIGN
> .
RLM = position vector of LM at tIGN

The value h i1s the altitude rate at which the LM approaches the lunar
surface as computed by each of the three systems.

In addition to the three analog curves, digital quantities are also
displayed which include values of pitch angle, yaw angle, LM mass, and
LM mass flow rate as computed by the MSFN high-speed processor; altitude
allove the lunar surface as computed by MSFN, PGNCS, and AGS; tracker ID's
for the sites being processed; and numerical values and indicators which
describe the status of the tracking sites being processed. For more
details, see reference 2.

2., The IM ascent vector selection - The LM ascent vector selection
display provides an analog trend curve of W versus |V| for PGNCS, AGS,
and MSFN during the lunar ascent phase. The quantity ,Vl is the magnitude
of the LM velocity vector as computed by PGNCZ, AGS, and MSFN. As for
descent, W is the magnitude of the out-of-plane component of the velocity
vector as determined by each of the three systems, but it is computed
in a different method than is used for descent.

>
. >
PR f Fov X By
i T VIM/i 5 .
R [ INS
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where VLM/i = MCI velocity vector of IM at ti
tINS = predicted time of IM insertion into lunar orbit
->
RLM = predicted LM position vector at tINS
>
RLM = predicted IM velocity vector at tINS

For more details, see reference 2. The same digital quantities are
displayed for ascent as are for descent.
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APPENDLX

DETAILED FLOW CHARTS FOR BLOCK 1, RESTART, AND BLOCK 3
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BLOCK 1

ENABLE AND LOAD
PROCESSOR. SPECIFY
VEHICLE PHASE:

F(32)= 0 FOR DESCENT
F(32)=1 FOR ASCENT

|

ZERO OUT THE FOLLOWING ARRAYS:
F(y, XY, YYQ), JX(1,d), PO, Y

|

INITIALIZE ELEMENTS
IN P(A) ARRAY

|

OBTAIN TIME OF POWERED FLIGHT
INITIATION (TPFI) FROM MISSION

PLAN TABLE AND LOAD IN P(120)

Flow chart 1.- Block I.

Page 1 of 6
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DESCENT PHASE 2=~ -
)
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NO

YES

| OF LUNAR LAUNCH -ATA
P(15) = P(120) - P(125)

SC

SET FILTER TIME EQUAL TO TIME

!

TO

COMPUTE NOMINAL TIME

INITIATE PROCESSING

DESCENT DATA
P(15) = P(120)- P(124)

1
IS CURRENT !

OBTAIN CURRENT

TIME (TROIN
GMPL

REALTIME ToO!

FILTER TIME |
. J
NO

P(15) = Tl P(20)

P{18) = (P(15) + P(1 19))R J

FAR AHEAD OF ! —

N
b

TRL - P(20)

> P(120)

VECTOR AT P(15) USING
R, A, $OF LAUNCH SITE,
SET VELOCITY VECTOR TO
ZERO,

X, p/m = RCOSHCOSK
Y m/m = RCOSPSIN

Z) pym = RSING

COMPUTE LM MCT POSITION

Xomm = Yomm = Zmm =0

!

/

ELVCNV

\

CONVERT MCT STATE VECTOR OF

LM TO MC! AND STORE MCI VECTOR

TEMPORARILYIN P(D), | = 60,65

!

OBTAIN CSM MCI STATE VECTOR AT

TIME P(15) FROM VEHICLE EPHEMERIS

A

ND STORE IN P(D, | = 74,79

P(15) = P(120)
P(18) = (rRL- P(ZODR

ORTAIN LM MCI STATE
VECTOR AT TIME P(120)
FROM MISSION PLAN TABLE
AND INTEGRATE TO TIME
P(15) USING AEG. STORE
VECTOR TEMPORARILY IN
P, 1=60,65

!

I =60, 65

OBTAIN LM MCI STATE VECTOR
AT TIME P(120) FROM MISSION
PLAN TABLE AND STORE IN P(l),

L

3

Page 2 of 6

Flow chart 1.~ Block | - Continued.
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ELVCNV

CONVERT MCI STATE VECTOR OF LM
AT TIME P{15) TO ECI AND STORE ECI
VECTOR IN X}, 1= 1,6

!

OBTAIN RNP MATRIX FOR TIME P(15)
AND STOREINP(D, I =1, 9. THE
RNP MATRIX IS FORMED AS

P(1) P(2) P(3)
RNP = | P(4) P(5) P(6)
P(7) P(8) P(9)

DESCENT PHASE? b— — — — F(32)=0 NO o{ an

YES

STORE MCI LM POSITION VECTOR A
NEGATIVE VELOCITY VECTOR INTO
TEMPORARY LOCATIONS

E( = PU + 59) =1 3
E(l+ 3)= -P(l + 62) ’

INITIALIZE FOLLOWING DIAGONAL ELEMENTS
OF JX-MATRIX FOR DESCENT

JX(, 1) = P(L02) } =1, 3
JX (+3, 1 +3)= P(103) '
JX(7,7) = P(104)
JX(8,8) = P(104)
JX(9,9) = P(105)

1

OBTAIN INITIAL VALUE OF LM MASS FOR DESCENT
FROM MISSION PLAN TABLE AND STORE IN P(117)-SET

X(9)=P(117)
@ Page 3 of 6

Flow chart 1.- Block | - Continued.




STORE CSM MC] STATE VECTOR IN TEMPORARY LOCATIONS
EM=PU+73) 1=1,6

!

INITIALIZE FOLLOWING DIAGONAL
ELEMENTS OF JX-MUTRIX FOR ASCENT
)

X(1,1) = P(L06) =13
IX(I143, 143) = P(107 ‘
JX(7,7)= P(108)
JX(8,8) = P(108)
JX(9,9)= P(109)

!

OBTAIN INITIAL VALUE OF MASS (M) FOR ASCENT FROM
MISSION PLAN TABLE AND STORE IN P(118)

INITIALIZE "«21\'/1 . My, M FOR ASCENT
P(90) = P(123)

P(72)= P(121)

X(9) = P(118)

{

INITIALIZE VALUE OF PITCH ANGLE FOR ASCENT
X(7) = 1,5625 D0

SET FLAG INDICATING VEHICLE NOT IN FREE FLIGHT
PHASE PRIOR TO POWER DESCENT: F(34)=1

INITIALIZE FOLLOWING ELEMENTS OF JX-MATRIX

JX(10,10) = P(88)
JX(11,11)= P(89)
JX(13,13)= P(91)

Flow chart 1.- Block | - Continued.

Page 4 «{ 6
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COMPUTE |73 = [ELM/M|
FOR DESCENT OR ASCENT

E(7) = DSQRT (P60YKK2 + P(61)%X2 + P(62)%¥2)

COMPUTE T°= 1]
o=
P+ 73) = P(I + 59)/E(7) 1=1,3

COMPUTE ty X 5 :BLM/M X fVLM/M FOR DESCENT

= RCSM/M X VCSM/M FOR ASCENT

E(8) = E(2)% E(6) - E(3)*% E(5)
E(9)= EG)* E(4) - E(1)%E(6)
E(10) = E(1)¥ E(5) - E(2)% E(4)

COMPUTE (r'é ><r3) X,
P(77) = E(9Y¥ P(76) ~ E(1L0)*¥ P(75)

P(78) = E(LOY¥ P(74) - E(8)% P(76)
P(79) = E(8) % P(75) - E(9)* P(74)

COMPUTE I("z xr;) x‘:L|

E(11) = DSQRT (P(77)%%2 + P(78)%%2 + P(79)%x2)

-\-6; Page 5 of 6

Flow chart 1.- Block | - Continued.
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COMPUTEl = ((r Xr) X|>/|((2Xr3> ><|>‘

P(l) = P(I)/E(ll) 1=77,7

COMPUTET‘W =Tu x'a‘v
P(80) = P(75) ¥ P(79) - P{76) ¥ P(78)
P(81) = P(76) ¥ P(77) - P(74) % P(79)

P(82) = P(74) % P(78) - P(75) ¥ P(77)

COMPUTE R, oV, o AND STORE
PO+ 59 =X(0)- PO +59),1=1,6

PEXIT" :

Flow chart 1.- Block | - Concluded.

Page 6 of 6




“EXIT TO
BLOCK 3"

STOP
PBI
ENT};RED
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"RESTART"

PGNCS
RESTART
PBI
ENT[E?RED

i
OBTAIN 2 MOST CURRENT

R,V VECTORS FROM PGNCS

AGS

RESTART
PBI

ENTI;)RED

OBTAIN 2 MOST CURRENT
R,V VECTORS FROM AGS

|

STORE MORE CURRENT OF 2 STATE VECTORS
INTO P(1), | = 60, 65 AND ITS TIME TAG

INTO P(15). STORE OTHERt, R, V(IN

THIS ORDER) INTO E(), 1= 163, 169

ZERO OUT THE X(I) AND JX(, )
ARRAYS; ALSO SET

F(26)=0
P(L+55)=0

PAL+109=0f L=1-4

|

2
: Page 1 of 3

Flow chart 2.- Restart.
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COMPUTE THRUST DIRECTION IN MCI SYSTEM USING
THE 2 TELEMETERED STATE VECTORS

E(1+159) = (E(I+ 163} + P(1+59) /2.D0 1=1,3
E(159) = DSQRT (E(160) ¥ %2 + E(161) % %2 + E(162) % %2)
E( = (Pl +62) - E( + 166)) / (P(15) - E(163))

+ P(67) X E(l + 159)/E(159) % %3 |=1,3

[/ ELVCNV \

CONVERT P, 1 = 60, 65
TO ECI; STORE ECI
VECTORIN X}, 1=1,6

1

=3 -~
COMPUTE RM/E AND VM/E AND STORE

P{ + 59) = X() - P(I +59)
=1,6

K|

OBTAIN VALUE OF LM MASS
FROM SUPERVISOR CONTROL
AND STORE IN X(9)

NO

30004 < X{9)<36 000 X(9)= 19 500%

Page 2 of 3
Flow chart 2.- Restart -~ Continued.
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COMPUTE VALUE OF LM MASS FLOW RATE (M)
P(72) = -X(9) % DSQRT (E{) ¥ %2 + E(2) % %2 + E(3) % %2)/(P(69) ¥ P(73)

DESCENT PHASE? ¢ — — —

YES REINITIALIZE JX(1,D
=1, 9 FOR ASCENT RESTART

REINITIALIZE JX(,D),
i=1, 9 FOR DESCENT RESTART

RESET JX(10, 10), JX(11, 11),
AND JX(13, 13) FOR RESTART

i
SWITCH OFF RESTART Pﬂ]

RESET DATA STATUS FLAGS
FL+&=0 L=1,4
F(33)=0

Y

SETF(35)=1T0
INDICATE RESTART

)
“EXIT TO"
BLOCK 2

Flow chart 2.- Restart - Concluded.

Page 3 of 3
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BLOCK 3

P (18) + P (20)
< Tl

1
IS CURRENT OBSERVATION
TIME SUFFICIENTLY ™"
BEHIND REAL TIME?

J— |
YES '
— - _ _ _o! HAS RESTART FLAG
F(35)=0 F(35)=1 =~ BEEN SET?
1
1S PROGRAM IN '
FREE FLIGHT !

PHASE PRIOR TO
POWERED DESCENT?

|

-

IS FILTER TIME |
LESS THAN MOTOR fm—
-ON-TIME - AT FOR |
DESCENT? !

P (15)Y< P (120)
- P (126)

COMPUTE INITIAL THRUST DIRECTION FOR
-

DESCENT GRLM/M) IN MCI SYSTEM

EQ) = PO + 62) - X(I + 3)

1=1,3
1

F34)=1

Y

TRANSFORM E(), 1=1,3 TO u,v,w SYSTEM

E(4) = P(74) % E(1) + P(75) % E(2} + P(76) % E(3)
E(5) = P(77) ¥ E(1) + P(78) % E(2) + P(79) * E(3)
E(6) = P(80) % E(1) + P(81) ¥ E(2) + P(82) % E(3)

Page 1 of 3
2A

Flow chart 3.- Block 3,
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COMPUTE PITCH AND YAW ANGLES
OF THRUST VECTOR

E(7) = DSQRT(E(4) %% 2 + E(5)%k 2)
X(7) = DATAN2(E (D), E(5)
X(8) = DATAN2(E(6), E(7))

!

INITIALIZE G'EM EQUAL TO POWERED FLIGHT

VALUE USED WHEN NO GOOD TRACKING DATA
1S AVAILABLE

JX(12,12) = P(123)

P(90) = P(123)

INITIALIZE DATA QUALITY FLAG TO GOOD
FG1=1

F 9+ F (10)
+F AL +F Q12)

>0

1
1S GOOD DATA AVAILABLE
FROM 1 OR MORE OF FOUR -
SPECIFIED TRACKERS? ;

NO

|

]
. J

FG1)=0

YES j

@

Page 2 of 3

Flow chart 3.~ Block 3 - Continued.
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h— ] | s
DATA QUALITY i a | DATA QUALITY CHANGED
STATUS UNCHANGED f'\ A FROM BAD TO GOOD
\ /0
\ /
\\ 7
<
DATA QUALITY CHANGED 1 _ _ _|
FROM GOOD TO BAD i
]
2,
SETo%;) EQUAL TO POWERED SETo" ¢y EQUAL TO POWERED
FLIGHT VALUE USED WHEN NO FLIGHT VALUE USED WHEN
00D TRACKING DATA IS GOOD TRACKING DATA IS
AVAILABLE AVAILABLE
560 2 POL23) JX(12,12) = P(122)
P(90) = P(122)
F(33)=F(31)

[

P(72) =

SET NOMINAL VALUE OF M EQUAL
TO BEST ESTIMATE OF M

P(72) + X(12)

{

X(12)=0.D0

"EXITY
Page 3 of 3

Flow chart 3.- Block 3 - Concluded.
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